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INTRODUCTION 
While immunity in vertebrates has been extensively studied, the inves­
tigation of invertebrate immune capabilities has only recently begun. In­
vertebrates extant today have achieved astounding diversity and must have 
successfully coped with pathogens for millions of years during their evo­
lution to their present state of development. Other than phagocytosis in 
some phyla, little is known about the defense mechanisms of invertebrates. 
Much of the difficulty in investigations has been due to the use of anti­
gens which are not found in the animal's habitat, the use of strictly mam­
malian immunological techniques, and the persistent but erroneous search 
for antibodies and complement as found in vertebrates. No immunity con­
ferring globulins have been found in invertebrate phyla (Briggs, 1964; 
Gotz, 1973; Hildemann and Reddy, 1973). 
The study of invertebrate immune systems is important for several rea­
sons. Academically it is important to further investigate the evolution 
of the inmune response in order to understand the mechanisms involved in 
both vertebrate and invertebrate systems. Proteins and carbohydrates vary 
among groups of invertebrates (Acton et al., 1973; Hunt, 1970; Katzman and 
Jeanloz, 1969). These substances may be characterized and compared struc­
turally and functionally to provide a system to classify animals by chemi­
cal and functional homology. By such investigations, the phylogenetic re­
lationships between animals may be determined with more certainty and by 
means other than morpr.ology or several often controversial criteria. On an 
applied level, the importance of determining the immune mechanisms of in-
veriecrazes and. If possible, reinforcing them becomes important as man 
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turns more to the sea for food and learns to manage populations of inverte­
brates for purposes of mariculture. 
This study was undertaken to determine whether a primitive arthropod, 
Limulus polyphemus which has existed since the Ordovician period (Moore, 
1959), has inmune capabilities and to compare them with other, more re­
cently evolved arthropods. 
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LITERATURE REVIEW 
Until recently the acceptance of an invertebrate immune system or cap­
ability has not been widespread. However, it is clear that invertebrates 
have been successful in combating pathogens throughout their evolutionary 
history. Within the last five to six years, reports of invertebrate immune 
capabilities neve begun to appear in the literature. This sudden influx 
of positive reports is due to the use of antigens which are common to the 
experimental animal's habitat and are not completely foreign pathogens 
which the animal would never encounter. Another reason for success is the 
abandonment of the search for vertebrate antibody or vertebrate immune sys­
tems among the invertebrata. It is only when one adapts vertebrate insnuno-
logical techniques to suit an invertebrates's physiology that any success 
or degree of reliability can be achieved (Johnson and Chapman, 1970). 
The actual definition of an immune response should be broad and be 
based on the functional aspects of the response, namely the recognition of 
self and not-self and a response to foreign materials by phagocytosis or 
cellular products which will stop or inhibit an infecting pathogen. The 
recognition of self has oeen shown to exist at all phylogenetic levels 
both among vertebrates (Quinn, 1968) and invertebrates {Hildemann and 
Reddy, 1973; Kahan and Reisfeld, 1972). Several excellent review articles 
are available by the latter authors and Sparks (1972) regarding inverte-
Drate immunology. 
It has been snown that the cells of cifferent species of sponges will 
not reaggregate into functional colonies (Hildemann and Reddy, 1973). 
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Such a phenomenon was due to self-recognition at the cell surfaces. A 
large glycoprotein has been implicated in controlling the reaction and the 
encapsulation of xenografts (Cheng et al., 1968). Cnidarlans and annelids 
are known to reject allografts and xenografts (Kahan and Reisfeld, 1972). 
Annelids have also been shown (Bailey et al., 1971) to possess some degree 
of adoptive immunity by transfer of coelomocytes between animals. The 
mechanism of the adoptive reaction is unknown and may be due to materials 
which cause the release and activation of the recipient's coelomocytes or 
blood cells. Sipunculids have shown a diversity of responses to foreign 
materials ranging from phagocytosis to dilate lysin and a bactericidln 
(Brown and Winterbottom, 1969; Gushing et al., 1969; Krassner and Flory, 
1970). The bactericidln appeared to be a product of blood cells and was 
protein in nature. 
Due to their diversity and value as food organisms, the mollusca have 
been examined for Immune capabilities. Investigators cited by Hlldemann 
and Reddy (1973) have shown the existence of a battery of iranune responses 
and properties including cellular encapsulation, phagocytosis, hemaggluti­
nins, bactericidins, and graft rejection. Opsonins, proteins that make 
foreign cells more susceptible to phagocytosis, have been reported in the 
sea hare and mussel (Pauley et al., 1971). McDade and Tripp (1967) also 
reported the presence of lysozyme In the hemolymph of oysters. 
Echinoderms also possess immune capabilities. Hlldemann and Reddy 
(1973) cite several papers which demonstrate phagocytosis and allograft re­
jection oy a diversity of blood cells. Shimada (1969) demonstrated an anti­
fungal steroid glycoside from sea cucumbers. It Is the first antifungal 
glycoside reported for the animal kingdom. 
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The literature concerning arthropod immune capabilities is more exten­
sive than for the rest of the invertebrata due to their economic importance. 
Of the various groups of arthropods examined, which include some arachnids, 
crustaceans, and insects, it appears that arthropods produce nonspecific 
blood born substances which function as agglutinins and bactericidins as 
reported by Briggs (1964), Kahan and Reisfeld (1972), and Hildemann and 
Reddy (1973). Thus far, the source of these humoral factors is not known. 
Pathogens which infect arthropods are numerous and include fungi, vi­
ruses, bacteria, prtozoa, nematodes, and other arthropod parasites (Cheng, 
1971; Salt, 1970). Information concerning viruses in Crustacea is scant 
and rather controversial according to Sprague and Beckett (1966), while for 
insects the volume of information is overwhelming and may only be managed 
efficiently with the aid of a computer (Williams and Reineke, 1973). The 
discussion of the other pathogens such as fungi, bacteria, and parasites 
is more pertinent to the discussion of each group of animals. 
By virtue of their diversity of immune capabilities, insects should 
perhaps serve as a model for invertebrate immunology as mammals have for 
vertebrate immunology. The first line of defense for an insect or other 
arthropod is the integument (Cheng, 1971; Rockstein, 1964; Salt, 1970). 
The chitinous composition of the exoskeleton combined with the various lay­
ers of the cuticle make it impermeable to pathogens or inhibit the entrance 
of contageons into the body as described by Cheng (1971) and Salt (1970). 
Wax and phenolic compounds are secreted through pore canals which penetrate 
tne cuticle (Rockstein, 1964). Rockstein (1964) cited evidence that the 
polyphenols of the epicuticle may be used for defense. Maksymiuk (1970) 
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also cited evidence that phenolic compounds, glycosides, and certain tan-
ins are antimicrobial. In addition, Heimpel and Harshbarger (1965) found 
that n-acetyl glucosamine, lipids, and benzoic acid compounds inhibit fungi. 
These materials have been demonstrated in insect cuticle (Cheng, 1971). 
Cheng (1971) cited evidence for a dynamic interrelationship between certain 
blood cells, oenocytes, and epidermis. The oenocytes are believed to secrete 
steroids responsible for moulting and contribute polysaccharides and mate­
rials required for the production of wax, chitin, and polyphenolic compounds 
which protect the cuticle. 
The cuticle covers the external surface of the animal and parts of the 
digestive system. Therefore the potential of the insect digestive system 
as a barrier to infection should not be overlooked. Both the foregut and 
the hindgut are lined by chitin which serves as protection from abrasion 
and subsequent infection (Wigglesworth, 1965). The pH of the gut may in­
hibit the growth of pathogens according to Heimpel and Harshbarger (1965). 
Kaksymiuk (1970) and the latter authors also cited evidence that phytopha­
gous insects may utilize natural antimicrobial substances in their diet to 
prevent infection by both Gram-positive and Gram-negative bacteria. In 
addition, flohrig and Messner (1968) found lysozyme in the gut of insects 
which is secreted from the esophagous and is found in the intestinal wall 
due to its reabsorption. In the case of insects, the "simple" creatures 
are surprisingly well provided with protection by their body coverings and 
linings. 
Blood cells have received a great deal of interest from investigators 
recently in an attempt to gain information regarding their functions other 
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than phagocytosis. The first observation of an invertebrate immune reac­
tion was made by Metchnikoff (1884) who observed the phagocytosis of yeast 
in Daphnia. His observation contributed a great deal to vertebrate immu­
nology and was the first observation of phagocytosis. It is strange that 
this observation remained obscure to invertebrate zoologists for such a 
long period of time. Reports of phagocytosis in the literature occurred 
sporadically both before and after the 1930's (Gotz, 1973). The phenome­
non in invertebrates has since been rediscovered. Investigations concern­
ing phagocytosis in invertebrates have resumed. 
It has been known for some time that insect hemocytes or blood cells 
may be found in various concentrations in the hemolymph under a variety of 
conditions (Salt, 1970). Tauber (1935) demonstrated that hemocyte levels 
increased when cockroaches were stressed by the injection of bacteria or 
exogenous substances. In addition, in such a stressed condition the mitotic 
index of blood cells also increased. An increase in mitotic index under 
stress has been corroborated by Mohrig et al. (1970), Ryan and Nickolas 
(1972), and Stephens (1963a). Cell numbers and hemocyte mitosis increased 
for 16-24 hours and then gradually decreased. The actual role of the hemo­
cytes, with the exception of the phagocytes, remains obscure since it has 
been shown that in Orthoptera only nonphagocytic cell types multiply during 
stress or in vitro, as shown by Kurtii and Brooks (1970) and Mohrig et al. 
(1970). In both cases increased cell numbers were due to the mitosis of 
piasmatocytes. In Lepidoptera, however, Kurtii and Brooks (1970) demon­
strated that only prohemocytes divided in vitro. The actual hierarchy or 
development of insect cell types is a matter of great controversy among 
insect physiologists and may differ slightly among insect orders. Discus­
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sion concerning the development of the various types of hemocytes may be 
found in volumes by Chapman (1971), Counce and Haddington (1973) and Wig-
glesworth (1955). There is also evidence (Counce and Haddington, 1973) 
that hemocytes show cyclic changes suggestive of ecdysone control and may 
undergo a wave of mitoses at larval molts. Phagocytes may increase at this 
time or differentiate from other cell types as suggested by Gotz (1973) and 
Wigglesworth (1965). The possibility that phagocytes are released from 
connective tissues, organ coverings, or the walls of the hemocoel should 
not be discounted since their numbers rapidly increase during septicemia, 
parasitic infections, and hemorrhage (Briggs, 1964; Salt, 1970). 
Even though there is considerable controversy about their origin, prog­
ress has been made regarding the function of phagocytes. Insect phago­
cytes engulf viruses, bacteria, protozoa, fungi, and inert materials such 
as India ink, carmine particles, celloidin, and polystyrene (Gotz, 1973; 
Luthy, 1970). In addition, they supply enzymes for tanning the cuticle and 
take part in wound and organ healing. Although phagocytosis began as early 
as one hour after the injection of foreign materials (Briggs, 1964), the 
materials may not be destroyed for as much as two weeks after engulfment. 
The ultimate destruction of engulfed bacteria depends largely on what spe­
cies of bacteria was used for injection. Anderson et al. (1973a) and Ryan 
and Nickolas (1972) have shown that materials and organisms common to an 
insect's habitat are destroyed rapidly. Why certain bacterial symbionts 
are not destroyed even though they may be intracellular merits research as 
discussed by Brooks (1970). The location of phagocytes depends on the spe­
cies of insect. Most circulate freely in the hemolymph but some reside in 
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phagocytic organs which are attached to the heart or interposed in the cir­
culatory system (Chapman, 1971; Gotz, 1973). Although their locations dif­
fer, phagocytes act as filters to remove particulate matter from the circu­
lation. 
Materials too large for phagocytosis are encapsulated by hemocytes and 
either killed or effectively neutralized (Gotz, 1973; Salt, 1970). During 
the course of encapsulation, blood cells surround a foreign object within 
a few hours. Gotz (1973) described three layers of cells in the formation 
of a capsule. The inner layer of cells became dark, secreted melanin, and 
eventually became necrotic. A middle layer of cells became flattened and 
formed lamellae, while in the outer layer the cells remained unchanged. 
Electron microscopy has shown that substances secreted by the blood cells 
cover the surfaces of a parasite and possibly obstruct its supply of gases 
and nutrients. It is interesting that nonliving objects are encapsulated 
in the same manner, but inner cell melanization and necrosis do not occur. 
In each case there is only chance contact with the foreign body. As yet 
there is no proof for the presence of a chemototic factor formed in response 
to pathogens which attracts hemocytes in insects (Gotz, 1973; Salt, 1970). 
Cellular derived or humoral opsonins, serum components which makes foreign 
materials more susceptible to phagocytosis, are not present or do not stim­
ulate phagocytosis among Orthoptera or Lepidoptera, according to evidence 
reported by Anderson et al. (1973b), Salt (1970) and Scott (1972). 
Evidence cited by Gotz (1973) and Salt (1970) strongly implicated a 
polysaccharide or mucopolysaccharide effector in the detection of self or 
not-self in insects. The evidence stemmed from studies involving the 
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encapsulation or phagocytosis of bacteria, RBC's, or parasites by hemo­
cytes. A layer of hyaluronic acid found on the eggs of an arthropod para­
site of caterpillars prevented encapsulation. If this layer was removed, 
encapsulation quickly ensued after injection (Salt, 1970). A layer of 
mucopolysaccharides or polyphenols have been shown (Cheng, 1971; Gotz, 
1973) to prevent the encapsulation of wasp eggs or nematodes in caterpil­
lars and fly larvae. In the case of nematodes, the mucopolysaccharide 
coating was believed to be acquired from the host. If hemocytes do indeed 
respond to mucopolysaccharides, such protected parasites would not be at­
tacked and would be regarded as self by the hemocytes. The mechanism of 
detection of foreign uncoated materials may be blockaded in hemocytes by 
prior exposure to particulate matter. Anderson et al. (1973b) have demon­
strated a blockage of phagocytosis by the injection of latex prior to the 
injection of bacteria in cockroaches. 
Humoral encapsulation has been shown in several Diptera, especially 
those poor in hemocytes (Gotz, 1973). In this method of encapsulation, no 
cells came into direct contact with foreign bodies. Materials for encap­
sulation were contained in the hemolymph. Encapsulation was also observed 
in vitro. The reaction was rapid and resulted in the formation of a cap­
sule of melanin within ten minutes. The speed of the reaction was the re­
sult of a reaction between an enzyme and substrate. Phenol oxidase, the en­
zyme responsible for the encapsulation, was also responsible for wound heal­
ing and the tanning of the cuticle. Gotz (1973) suggested that an inactive 
proenzyme v/as secreted into the hemolymph by hemocytes and was activated by 
hemocytes or by the contact of the proenzyme with foreign materials. Briggs 
(1964) also suggested a secretory role for hemocytes. Such a suggestion is 
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attractive to explain the results reported by Stephens (1963a) where there 
was a decrease in hemocyte numbers concomitant with an increase in humoral 
active immunity. 
The standard insect for the study of humoral immunity has been the 
larva of the wax moth, Galleria mellonella. In most studies only cell-
free hemolymph has been investigated as the medium containing the immune 
conferring principles (Briggs, 1964). Reports by different workers have 
shown little agreement as to the presence of antibacterial substances in 
nonparasitized or unvaccinated animals. Different opinions are largely due 
to the use of different antigens, different strains or ages of insects, and 
subtle differences in technique as suggested by Briggs (1964). He reported 
considerable normal or natural bactericidal activity in the wax moth. Ste­
phens (1959, cited by Briggs 1964) has shown that prior vaccination of wax 
moth larvae significantly protected them from lethal challenge doses of 
bacteria. The protection peaked 20-24 hours following inoculation. A bac­
terial species specificity was suggested in contrast to a bacterial strain 
specificity. The specificity of the bactericidal principle, however, was 
limited as discussed by Hildemann and Ready (1973) and Stephens (1963b). 
The latter author injected wax moth larvae with a variety of vaccines and 
found no significant difference in their protective effects. Chadwick and 
Vilk (1969) also noted similar results using endotoxin as a vaccine. Vac­
cinated animals were protected from lethal doses of endotoxin (a complex 
lipopolysaccharide derived from disrupted Gram-negative bacteria). Accord­
ing to Briggs (1964), prior vaccination of larvae with other species of bac­
teria protected tne larvae from fatal doses of JP. aeruginosa giving further 
evidence for the r.onspecificity of the insect immune response. 
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The immune response has been shown to be transitory (Briggs, 1964). 
Gotz (1973) cited evidence for the rapid appearance of the immune effect. 
It became evident about six hours after injection and reached a maximum in 
24 hours. Thereafter it slowly fell for several days but it could be re-
induced by a second injection of vaccine. 
Some degree of passive immunity has been reported by Briggs (1964) in 
the v/ax moth and by Seaman and Robert (1968) in cockroaches. Hemolymph 
from a vaccinated larva conferred passive immunity after it was injected 
into unvaccinated larvae. Whole hemolymph injected at the peak of its anti­
bacterial activity was more effective in protecting unvaccinated larvae. 
However, Briggs (1964) reported protection after the injection of either 
cell-free serum or hemocytes from a vaccinated animal. Seaman and Robert 
(1958) injected hemolymph from vaccinated male cockroaches into female 
cockroaches. This operation protected the females from lethal doses of 
ciliates. They suggested that new proteins found in immune hemolymph were 
formed in response to the ciliates from the normal protein components of 
hemolymph. Similar results were reported by Hink and Briggs (1968) for the 
wax moth larva except that two nonprotein factors were involved in confer­
ring immunity. The factors, A and B, were low molecular weight substances 
and were heat stable. Factor A increased as a result of antigenic stimula­
tion while factor B was newly formed and was bactericidal. Neither factor 
could confer passive immunity. 
In addition to bactericidal substances in insects, lysozyme has been re­
ported in the wax moth. Powning and Davidson (1973) have shown that bac­
teriolytic activity developed in hemolymph after the injection of bacteria. 
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The lysozyme was similar to egg white lysozyme but had six times its activ­
ity. Chadwick (1970) reported that the lysozyme concentration and induc­
tion paralleled the rise in humoral immunity. Humoral immunity began to 
decrease in 36 hours at which time the lysozyme concentration reached a 
maximum which was maintained at 72 hours, where humoral immunity to Gram-
negative bacteria was insignificant. The lysozyme increase may be induced 
by saline injection. It was not a specific response and did not insure 
immunity. 
Among the crustaceans, lobsters and crayfish have become model animals 
and may be used to demonstrate phagocytosis, agglutinins, and bactericidins. 
In contrast to dual clotting systems for insects, there were no cellular 
blood clots in lobsters (Fuller and Doolittle, 1971). The lobster, Homarus 
americanus, had a single system which used a clotting enzyme derived from 
hemocytes which acted on a substrate in the hemolymph. Rabin (1955) in­
jected lobsters with endotoxin followed later with a challenge injection of 
bacteria, Gaffkya homari. No enhancement or inhibition of subsequent in­
fection was noted for G. homari. However, 33% of the sera from animals 
tested, inhibited the growth of a vibrio. From these results the presence 
of a limited specificity bactericidal response was proposed. In addition, 
Stewart and Cornick (1969) observed an increase in clotting time followed 
by the elimination of clotting. The impaired clotting was the result of 
a drastic reduction in circulating hemocytes after the injection of G^. ho­
mari . Patterson and Stewart (1973) cite evidence that £. homari was active­
ly phagocytized at this time. 
Hemocytes in lobsters acted as phagocytes and contributed to the clot­
ting of blood. Patterson and Stewart (Personal communication. Fisheries 
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Research Board of Canada, Halifax, Nova Scotia, June 1973) found that 
hemocytes also released agglutinins into the hemolymph. The hemocyte 
concentration was directly proportional to the agglutinin titer. The 
agglutinin was characterized by Cornick and Stewart (1973), was calcium 
stabilized, heat labile at 35-45°C and it denatured at pH 6 and 9. Mam­
malian RBC's were agglutinated rapidly by the protein. Agglutination was 
inhibited by glucosamine in the case of sheep and rabbit RBC's and by 
n-acetyl glucosamine when rabbit RBC's were tested for agglutination. 
These results substantiate the theory of a mucopolysaccharide based immune 
system. After the injection of bacterial vaccines, there was an increase 
in bactericidal activity w^ile the agglutinin titer remained unchanged. 
The bactericidin was a product of hemolymph and hemocyte interaction, as 
suggested by Cornick and Stewart (1973) for the /merican lobster, amer-
icanus. 
Further investigations on lobster bactericidin have employed the spiny 
lobster, Panulirus argus. Evans et al. (1963) demonstrated an induced bac­
tericidin by the injection of a bacterial antigen cultured from the gut of 
lobsters. The bactericidin was not effective against terrestrial bacteria 
and was not affected by vertebrate complement inhibitors. Evans et al. 
(1969) cited further proof of the potency of Gram-negative bacterial vac­
cines to increase level of bactericidin in the spiny lobster. The in­
creased titer reached a peak within 24-48 hours after injection. However, 
the oactericidin is of limited specificity and may be weakly induced by the 
injection of precipitated bovine serum albumin and Pneumococcus sp. It is 
interesting to note that the spiny lobster demonstrated an elevated second­
ary and tertiary response at 45 and 109 days, respectively, after the first 
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injection (Evans et al., 1969). Whether this represents an immunological 
memory is not clear. 
In the crayfish, Parachaeraps bicarnatus, immunity depends not on bac­
tericidal factors present in the kzmolymph, but upon accelerated phagocytic 
activity (McKay and Jenkin, 1970a). McKay et al. (1969) and McKay and 
Jenkin (1970b) have shown that a hemagglutinin was present in crayfish he-
mo lymph which functioned as an opsonin. In vivo, the concentration of RBC's 
fell after injection. At the same time, the concentration of hemocytes in­
creased, after decreasing just after injection. In vitro, opsonins demon­
strated some specificity for various RBC types. If RBC's were first op­
sonized before injection, the hemocytes of the injected crayfish demonstra­
ted greater phagocytic activity. Miller et al. (1972) have presented a 
partial characterization of a hemagglutinin from Procamberus clarkii. It 
was a protein of less than 150,000 daltons and was labile at 70°C. In ad­
dition, Miller et al. (1972) found that the hemagglutinin lacked bacteri­
cidal activity against several marine and mammalian bacteria. 
Unestram and Nylund (1972) gave evidence for an antifungal function 
for hemocytes other than phagocytosis. Blood cells and granules extruded 
from blood cells adhered to h^ohae. The granules encapsulated the hyphae 
and released a polyphenol oxioase which melanized the hyphae. Both the 
enzyme and substrate originated from hemocytes. No evidence of chemotaxis 
resulted from their investigations. In this respect, crayfish and insect 
hemocytes have parallel functions. Encapsulation by the secretion of cu-
ticular material has been reported by Von Arman and Smith (1970) in shrimp. 
An isopod parasite of shrimp was walled off or encapsulated by hemocytes. 
The capsule may be lost at moulting if it is in proximity to the cuticle. 
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There is little information concerning immune capabilities in chelic-
erates. Deevey (1941) described the phagocytosis of carmine particles by 
hemocytes in the Haitian tarantula. Of the several cell types present, 
hyaline cells, basophilic, and eosinophilic cells were reported to be phag­
ocytic. Phagocytic organs have been reported in scorpions by Kowalevsky 
(1897). In addition, antimicrobial activity has been reported in Ixodid 
ticks (Anigstein et al., 1950). Thus far, this remains the only report of 
a bactericidal material in Arachnids. 
Reports concerning marine chelicerates are more numerous. The place­
ment of Limulus among marine Chelicerata is not contested (Anderson, 1973; 
Manton, 1973). However, the exact position of pycnogonids and trilobites 
is not clear, as discussed by the latter authors. Tasch (1973) and Manton 
(1973) place the Trilobita, tentatively, with the Chelicerata, but, as the 
latter reports, the phylogeny of the Pycnogonida is not clear. Limulus, 
and possibly the pycnogonids, may be considered the earliest evolved che­
licerates extant and warrant study to determine their inmune capabilities. 
King (1973) cited evidence for the existence of glandular ducts tra­
versing the cuticle in pycnogonids. Mucous secretions from these glands 
may protect the animal from the nematocysts of its prey. 
Most previous studies involving the horseshoe crab, Limulus polyphemus, 
have concerned themselves with studies of the visual pigment of the eye 
(Hubbard and Wald, 1960) and electrophysiological studies. A battery of 
receptors in the exoskeleton of Limulus have been noted in the literature 
(Barber, I960; Eagles, 1973; Hayes, 1971; Wyse, 1971). These include che-
moreceptors on the chela, articular proprioceptors, and lateral spine 
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mechanoreceptors for the righting reflex. Studies of the chemistry of 
arthropod hemocyanins have employed Limulus hemocyanin (Bancroft et al.» 
1966; Hayaishi, 1962; Malley et al., 1965; Manwell and Baker, 1962). 
Limulus heroocytes have held the interest of investigators for some 
time. For many years it was believed that only one type of hemocyte was 
present in the hemolymph as suggested by Loeb (1921). However, Fahrenbach 
(1970) has shown the existence of the cyanoblast which produces hemocyanin. 
The cyanoblasts are free in the heniolymph as are the granular hemocytes. 
Loeb (1921) observed amoeboid movement as the hemocytes moved out of cell­
ular clots and termed these cells amebocytes. The observation has not 
been repeated since Loeb's original work. Loeb (1905, cited by Sparks, 
1972) determined that the hemocytes were involved in blood clotting and 
surrounded degenerating tissues after wounding. According to Sparks (1972) 
a foreign body Introduced into Limulus was surrounded by coagulated blood 
and tissues nearby degenerated. From this study, it was apparent that the 
infiltration of hemocytes into or around foreign bodies and their subse­
quent phagocytosis, does not occur in Limulus, in contrast to other in­
vertebrates. The sole reaction appeared to be the formation of a coagulum 
containing fibers and necrotic tissue cells surrounding the foreign body. 
Bang (1956) reported that naturally infected Limulus blood did not clot 
even when placed on glass. Normal cells lyse within 30 seconds on glass 
surfaces. Endotoxin injected into animals resulted in intravascular clot­
ting and death. Bacteria were immobilized by blood clots in vitro. These 
observations prompted more research into the function of hemocytes. Rabin 
and Hughes (1968) and Smith (1964) noted that bacterial growth was slightly 
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inhibited by hemolymph in vitro. The bacteria used were lobster and oys­
ter pathogens and were, in all probability, foreign to Limulus. In these 
studies, bacteria could be isolated from the blood for over 24 hours which 
indicated that hemocytes were not phagocytic. A lack of phagocytic activ­
ity was also noted by Shirodkar et al. (1960) in hemocyte cultures. How­
ever, a depression of bacterial growth was noted after bacteria were placed 
in the cell cultures. Levin and Bang (1963, 1964, 1968) have shown that 
Gram-negative endotoxins cause the gelation or coagulation of Limulus he­
molymph. Cell-free hemolymph did not clot and they determined that the 
protein required for clotting was derived from the hemocytes and did not 
require extracellular factors. Preparations from cell lysates coagulated 
rapidly after the addition of endotoxin with or without the presence of 
hemolymph. The rate of gelation of the cell lysate was not related to the 
concentration of protein, but to the concentration of endotoxin, suggesting 
an enzymatic reaction. This theory was confirmed (Young et al., 1972). 
Lysates were separated into three fractions by gel chromatography. The 
first fraction contained the enzyme and the second fraction contained the 
substrate. Both materials were reported to be proteins, but are not affect­
ed by certain enzyme inhibitors such as cyanide or N-ethyl maleimide which 
act on vertebrate enzymes. The affect may be due to sulfhydryl groups pro­
tecting the active site (Young et al., 1972). The reaction of cell lysates 
and endotoxins is quite specific and has been adopted for the detection of 
Gram-negative sepsis in humans as discussed by Rojas-Corona (1969) and 
Levin et al. (1970). 
Marchalonis (1964) and Cohen et al. (1965) described an agglutinin in 
Limulus hemolymph which was directed against vertebrate RBC's. The material 
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under electrophoresis moves slowly toward the cathode in contrast to other 
hemolymph proteins. Marchalonis and Edelman (1968) characterized the ma­
terial. Its activity was calcium dependent and it was heat labile at 65°C. 
They estimated the molecular weight to be 400,000 daltons. The molecule 
appeared to be composed of subunits of 22,500 daltons. The degree of ag­
gregation was pH dependent. It is interesting to note that the prepara­
tions of hemagglutinin were isolated from blood clotted in glass which 
causes rapid degranulation or cell lysis (Bang, 1956). Voightman et al. 
(1971) has shown that the hemagglutinin v/as directed against n-acetyl neu­
raminic acid receptors on RBC's and may react with basic proteins or poly-
lysine. This generalized specificity may resemble the carbohydrate based 
self-recognition system of insects (Gotz, 1973; Salt, 1970). 
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rWERIALS AND METHODS 
Animal Collection and Maintenance 
Horseshoe crabs, Limulus polyphemus (Xiphosura), were purchased from 
the Florida Marine Biological Specimen Company, Panama City, Florida and 
the Marine Biological Laboratory, Woods Hole, Massachusetts. Upon receipt, 
the animals were maintained in Instant Ocean artificial sea salts and aquar­
ium systems at 12°C for up to nine months. Animals were allowed to adapt 
to the artificial environment for at least three weeks before use. During 
all experimentation, animals were kept isolated in individual containers 
or were paired in 20 gallon aquaria. Plastic dishwashing pans and animal 
cages were used as containers. Each of these held at least 2.5 gallons of 
sea water and was supplied with an air stone. To prevent contamination, 
the water in the experimental containers was changed every 24 hours. 
Only healthy, uninjured animals were used. The relative health of the 
animals was determined by visual examination for injury, the determination 
of blood protein concentration, and by examining blood smears for the 
presence of bacteria. Animals which had bacteria in the blood, open 
wounds, or a blood protein concentration of less than 0.5 g% were discarded. 
Throughout the investigation, care was taken to use antigens and conditions 
in vivo and in vitro which were consistent with the habitat in which Limu­
lus is found. Sterile technique was used during each portion of the study. 
All instruments and media were autoclaved or UV sterilized before use. 
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Collection of Hemolymph and Hemocytes 
Hemolymph was collected by withdrawing blood into a precooled syringe 
with a 20 gauge hypodermic needle. Syringes, needles, and centrifuge tubes 
were kept in an ice bath and were autoclaved previously. After blood was 
withdrawn, the needle was removed and the sample was gently run from the 
syringe into a cold plastic centrifuge tube and was immediately centri-
fuged at 3000g for 15 min at 4°C to remove the hemocytes. After centrifu-
gation, the hemolymph was decanted and the cell button was washed in ster­
ile sea water and then ground in a cold, sterile, glass tissue grinder. 
The homogenate was set aside for four hours to allow for granule dissolu­
tion and was then centrifuged to remove debris as described above. Hemo­
lymph and ':.ell homogenates (granule lysates) were kept in sterile prescrip­
tion bottles at 4°C until use. 
Production of Hypodermal Gland Exudate 
Animals were induced to secrete a viscous exudate from hypodermal 
glands by several methods. Usually they were placed in an aquarium filled 
with sea water which was clouded by decayed cod fish slivers. Before use, 
particles of fish were removed from the water by straining it through 
cheese cloth. The tanks were equipped with an air stone, covered, and 
placed in a fume hood at 23°C. The animals were left in the preparation 
for 4-6 hours, removed, and washed in running distilled water or clean sea 
water. A brief distilled water wash was more effective in removing debris 
or contamination than sea water. After washing, the animals were returned 
to individual containers. 
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Another method of exudate stimulation was developed to improve the 
cleanliness of the procedure and prevent contamination of the exudate. 
Small, plastic Petri dish halves were glued onto the prosomal carapace 
with alpha cyanoacrylate (Oneida Electronic Manufacturing) or with Pow'r 
Grip adhesive (H. B. Fuller Company). Before the chambers were applied, 
holes to accommodate serum bottle stoppers were cut in the chamber top 
with a hot cork boring tool. Leaks were prevented by ringing the chamber 
with paraffin after the glue had set. Paraffin was also used to affix the 
chambers to animals, but they were easily broken off. A minimum of two 
days was used to check for reactions to the glue before filling the cham­
bers with various solutions and stoppering them. 
In order to determine whether exudate production was due to local stim­
ulation and to determine what substances would elicit the response, the 
chambers were filled with the described fish infusion, 0-antigen (bacterial 
cell walls), endotoxin (a complex system of toxic lipopolysaccharides from 
within bacterial cells), n-acetyl glucosamine, glucose, or a mixture of 
amino acids in sea water. One hundred times the lethal dose of endotoxin, 
0.25 ml of 500 yg, war placed in the chamber. 0-antigen concentrations 
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were 5.0 x 10 per ml. Carbohydrate solutions were prepared and diluted 
to a final concentration of 0.1% by weight. The stock solution of amino 
acids contained 0.5 g per 100 ml of cystine, glycine, alanine, glutamine, 
proline, methionine, valine, serine, leucine, and tyrosine. Before use, 
the solution was balanced to give a 0.1% final concentration of amino acids. 
The chambers contained the test solutions for 24 hours. The exudate, 
inducec by either method, was collected by pushing it to the side of the 
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prosoma with a finger and removing it with a Pasteur pipette. The exudate 
was centrifuged as described previously and was stored in the refrigerator 
or frozen until use. 
Preparation of Antibodies and Antibody Tests 
Antibody against hemocyte lysate, acellular hemolymph, and exudate was 
prepared by injecting rabbits subcutaneously with one of the materials 
mixed with Freund's complete adjuvant using the method of Clausen (1969). 
The rabbits were injected with 1 ml of the antigen distributed among six 
sites along the back and cervical region. The animals were rested for 
three weeks and then were given booster injections. Ten days later they 
were bled by cardiac puncture. Immune sera were prepared and used to test 
for cross reactivity between lysate fractions, hemolymph fractions, and 
exudate by test tube precipitin tests, the ring test, and Ouchterlony 
double diffusion plates (Campbell et al., 1964). 
Gel Chromatography 
Chromatography columns were prepared using 2.5 cm internal diameter 
glass tubing 60 cm in length. The bottom was sealed with a one hole rub­
ber stopper. Glass wool was used to cover the inner surface of the stop­
per and was cemented into place with Silastic. A cut off 2 ml syringe 
barrel was inserted into the bore of the rubber stopper and an 18 gauge 
needle with narrow bore polyethylene tubing attached was applied to 
the syringe to serve as the column outlet. The columns were filled to a 
level of 55 cm with either Sephadex 6-2QQ, G-IQO, or 6-75 (Fischer, 1969). 
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The inlet to the column consisted of a two hole rubber stopper. A 
glass tube 1.5 mm in internal diameter was inserted through one hole and 
was connected to a Mariotte flask. A 15 gauge needle equipped with a 
valve was inserted into the other hole in the stopper. The sample was 
weighted with 1% sucrose and taken into a syringe fitted with a length of 
narrow g&%ge polyethylene tubing. The tubing was passed down the valved 
needle and layered on to the surface of the gel. 
Throughout the experiments, sterile sea water was used as the eluent. 
The materials fractionated were acellualar hemolymph and cell lysate. He-
mo lymph was concentrated 3 fold by the use of Lyphogel (Gelman). Some 
samples of both hemolymph and lysate were centrifuged at 100,000g for 6 
hours at 4°C to remove hemocyanin (Marchaionis and Edelmam, 1958) before 
chromatography. Flow rates were regulated to 15 ml per hour for each gel. 
Fractions were checked for separation by gel electrophoresis. 
Lysozyme Assay 
Materials tested for lysozyme activity were the following: hemolymph, 
hemolymph fractions, lysate, lysate fractions, exudate, and mucous derived 
from Limulus gut washings. The method of Parry et al. (1965) was used 
throughout, except that the experimental samples were in sea water. The 
substrate. Micrococcus lysodeikticus, (purchased from the American Type 
Culture Collection, Rockville, Maryland), was grown in nutrient broth, 
washed, killed by UV, and lyophilized. Tests were conducted at 25°C with 
a Bausch and Lomb Spectronic 505. 
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Disc Electrophoresis 
One dimensional disc acrylamide gel electrophoresis was performed by 
the method of Davis (1964) or Hjerten et al. (1969) using a large pore 5% 
stacking gel at pH 6.7 and a smaller pore 1% separating gel at pH 8.8. 
Tris glycine buffer at pH 8.3 was used in the electrode chambers and brom-
phenol blue was used as a tracking dye. Samples, 10-20 yl, were layered 
on the surface of the stacking gel and electrophoresis was carried on for 
1.5 hours at 200 V at 2mA per tube. The gels were stained for protein with 
araido Schwartz (Davis, 1964). Staining for glycoproteins was carried out 
by the method of Maurer (1971) using alcian blue, toluidine blue, and the 
PAS (periodic acid-Schiff) reaction. 
Molecular weight determinations were carried out using acrylamide gels 
and sodium dodecyl sulfate (Segrest and Jackson, 1972). Standard proteins 
of known molecular weight were used to compare and estimate the molecular 
weight of the experimental proteins such as lysate fractions, exudate, and 
hemolymph fractions. The standards selected were bovine serum albumen 
(68,000 daltons), ovalbumen (45,000 daltons), chymotrypsinogen A (25,700 
daltons), myoglobin (17,200 daltons), and insulin (6000 daltons). 
Bacterial Preparations and Bactericidal Assays 
Cultures of Pseudomonas atlantica and Vibrio marinopraesens were pur­
chased from the American Type Culture Collection, Rockville, Maryland. 
These species are Gram-negative and common to the Atlantic coast (Droop and 
Wood, 1968). Droop and Wood (1968) reported that 952 of marine bacteria were 
Gram-negative. The bacterial flora of several marine phyla were reported 
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by Colwell and Liston (1962) and are consistent with the latter results. 
Therefore, the above bacteria are common to mud and sediments where Limulus 
may be found. The bacteria were used for agglutination and bactericidal 
studies, as was an unknown Gram-negative rod from Limulus intestine. 
Difco marine agar was used exclusively. Bacteria were washed from 
slants or plates with sterile sea water and were diluted to 5000 per ml as 
required. Estimation of bacterial concentration was achieved by nephelom-
etry and by adjusting the optical density to 0.265 at 550 nm. A stock 
solution was prepared by diluting 0.01 ml of the suspension to 100 ml in 
sterile sea water which resulted in a final concentration of 50,000 per ml 
as confirmed by cell counts (Morris and Ribbons, 1969). Aliquots of 0.1 ml 
of stock bacterial solution were added to 0.9 ml of test solution to give 
a final bacterial concentration of 5000 per ml. 
Bactericidal assays were carried out on hemolymph, lysate, fractions of 
each, hypodermal gland exudate, and gut washings diluted to the same pro­
tein concentrations or left undiluted when a series from one animal was 
prepared. An aliquot of 0.9 ml of the test solution was sterilized by cen-
trifugation and 5 min UV exposure. After sterilization, the solution was 
placed in a sterile tube. To obtain a final concentration of bacteria of 
5000 per ml, 0.1 ml of the stock bacteria was added to each tube. Incuba­
tion continued for 90 min before 0.1 ml from each tube was plated on marine 
agar. Control plates were inoculated with 0.1 ml of diluted bacterial 
stock solution. The plates were incubated 36 hours at 22°C, after which 
the plates were read by counting the colony numbers. All procedures ex­
cept plate count were carried out in a sterile hood. 
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0-antigen was prepared by boiling bacterial suspensions in sea water 
(Campbell et al., 1964). The solution was cooled and centrifuged at 2000g 
for 30 min and the pellet was resuspended in sterile sea water and was re-
centrifuged. This was repeated three times. The 0-antigen pellet was re-
suspended in sterile sea water and was stored in sterile serum bottles in 
the cold. The initial supernatant was decanted into sterile serum bottles 
and used as endotoxin. 
Hemocyte Cultures and Phagocytosis 
Hemocyte cultures were prepared using hanging drop cultures on plastic 
cover glasses since the cells lyse rapidly on most glass surfaces. A sim­
ple, reliable method was developed to make permanent preparations and test 
various materials for their effect on phagocytosis. Leighton tubes (pur­
chased from Kontes Glass Company> Vineland, New Jersey) were provided with 
loose or flying cover glasses. Only Diamond brand cover glasses were com­
patible with the cells and caused little cellular disruption. To each 
tube was added 1.7 ml sterile sea water and 0.5 ml cellular hemolymph. 
When test solutions or bacteria were added, 1.5 ml of sea water was used 
and 0.2 ml of solution or bacterial suspension was added. This system re­
sulted in a lightly buffered system at the physiological pH of 7.3-7.5 as 
determined by experimentation. The tubes were incubated at 22°C for 6 
hours after which the cover glasses were removed and the cells were fixed 
in 10% formalin in sea water, dehydrated in ethanol, and mounted in Per-
raounr. 
Tests were conducted to learn what materials would be phagocytized. 
Bacteria, carbon particles, India ink, carmine particles, and dog erythro-
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cytes (RBC's) were added to tubes as described. Cells were examined for re­
ceptor sensitivity by adding 100 yg of fucose, mannose, or n-acetyl gluco­
samine to each tube. Cultures were also prepared with 0.05 M N-ethylmal-
eimide, sea water saturated with cyanide, and calcium-free and calcium-
free low magnesium sea water (Cavanaugh, 1965). 
The presence of an opsonin was determined by letting the preparations 
settle for 4 hours. During this period, the hemocytes attached to the cov­
er glass. The medium was replaced by the bacterial solution and one of the 
test solutions. These were as follows: acellular hemolymph, clotted hemo-
lymph, lysate, and aliquots of each which had been heated to 55°C for 30 
min. Incubation and fixation were completed as outlined above. 
Cultures were incubated at temperatures ranging from 4°C to 40°C, in 
5'^C increments, to determine the temperature optimum for phagocytosis. The 
effect of pH on phagocytosis was determined by adjusting the pH of the sea 
water diluent to 0.3 pH units above the desired pH before the addition of 
hemolymph and bacteria. Small amounts of concentrated tris and maleic acid 
solutions were added to the diluent from the surface of a glass rod to 
achieve the desired pH's of 6.0, 7.0, 7.5, 8.0, and 9.0. 
Cellular Encapsulation 
Nematodes were often seen on the carapace of horseshoe crabs. Legs of 
small specimens of Limulus were sectioned to determine if encapsulated 
parasites were present. To test the ability of Limulus to encapsulate 
foreign objects, small bits of the ventral abdominal carapace from a cray­
fish were implanted by the following procedure. A small slit was cut in 
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the arthroidial membrane of the third joint of a LimuTus leg and a piece 
of crayfish carapace was introduced into the leg musculature and hemocoel. 
Care was taken not to injure the major blood vessel which lies slightly 
ventral to the center of the leg. A piece of crayfish carapace was intro­
duced into different legs at intervals of 3 weeks, 2 weeks, 1 week, and 24 
hours on the same animal. The animal was sacrificed and the legs were pre­
pared for microscopic examination. Any small bump or irregularity observed 
in the carapace of adult animals was also excised and examined for the pres­
ence of encapsulated materials. 
Protein and Carbohydrate Assays 
Protein concentrations were determined by several methods. Bovine ser­
um albumin fraction V in sea water was used as a standard. Protein concen­
tration was estimated by absorbance at 280 nm (Mahler and Cordes, 1966), 
by the Lowry method (Lowry et al., 1951), or refractometrically with an 
American Optical TS meter after the methods of Barry et al. (1960) and 
Remp and Schellin (1950). While each method measured a different aspect 
of protein chemistry, they gave linear results which were in agreement. 
Proteins were hydrolyzed for amino acid analysis in 6N hydrochloric acid 
at no°C for 24 hours in evacuated sealed tubes. After hydrolysis, the 
samples were dried by rotary evaporation. The residue was dissolved in 
citrate buffer and analyzed with a Beckman amino acid analyzer. The car­
bohydrate concentration of the exudate was determined by the anthrone re­
action of Bailey (1958) and the phenol sulfuric acid reaction of Dubois 
et al. (1956). 
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Physical and Chemical Analysis of the Exudate 
Total carbohydrate was determined by the above procedures. The Elson-
Morgan (Elson and Morgan, 1933) and the Morgan-Elson (Morgan and Elson, 
1934) reactions were performed on the exudate to test for the presence of 
glucosamine and n-acetyl glucosamine, respectively. Chemical and physical 
tests of stability were carried out by the methods outlined by Pauley et al. 
(1971). These were as follows: freezing and thawing; heat lability at 
65°C and 100°C; pH changes; pipetting; preadsorption with bacteria or RBC's; 
trichloroacetic acid; phenol diethyl ether and alcohol extraction; incuba­
tion with 2-mercaptoethanol; EDTA; and distilled water dialysis. After 
each treatment, an aliquot was tested for the agglutination of £. atlantica, 
0-antigen, or RBC's. 
Samples of exudate were lyophilized, desalted by dialysis against dis­
tilled water for 6 hours at 4°C. Spectrapor III dialysis membrane was used 
to reduce the loss of exudate. The material was then freeze dried and hy-
drolyzed in IN sulfuric acid for 6 hours at 100°C in sealed evacuated tubes. 
After hydrolysis, sulfate was removed by barium carbonate addition (Cons-
den, 1953). The hydrolysate was lyophilized and stored for gas chromatog­
raphy. The method of Sweenley et al. (1966) was used to prepare trisyl-
ether derivatives from the exudate hydrolysate. To 300 yg of sample was 
added 15 pi dimethylformamide, 15 vl hexylmethyl-diSllizone, and 9 yl tri-
methylsilylchloride. Standards were prepared by dissolving 1 mg of stand­
ard carbohydrate in 100 pi Tri-Sil Z (Pierse Chemical Company) and heating 
to 70°C. Standards used were the following: threose; erythrose; ribose; 
ribulose; j^lose; arabinose; rhamnose; sorbose; ascorbate; glucose; mannose; 
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galactose; fucose; qalactosamine; glucosamine; n-acetyl glucosamine; and 
eel lol)1or,o. 
A Packer 409 gas chromatograph v/as equipped with a stainless steel 
column, 6 feet long and 0.125 inch in diameter, and packed with SE-30 (di-
methylsilicon gum rubber). Gas flow rates were regulated to 33 ml per min 
nitrogen, 30 ml per min hydrogen, and 250 ml per min air. Oven temperature 
was maintained at 165°C, while the injection temperature was 300°C. A 
flame ionization detector at 230°C was coupled to a recorder which ran at 
a chart speed of 2 min per inch. 
Scanning Electron Microscopy 
Pieces of carapace were cut from representative areas of the body, in­
cluding the gills and legs. The specimens were washed in sea water and 
fixed overnight in 10% formalin in sea water adjusted to pH 7.5-8.0. Some 
specimens were sonicated to remove tissues for the observation of the in­
ternal surfaces of the carapace. After washing, the fixed materials were 
dehydrated in ethanol and then were left in acetone overnight. Specimens 
were critical point dried, attached to stubs, and coated with gold-palla­
dium metal by vacuum evaporation. These specimens were viewed with a Jeol 
JSM-Sl scanning electron microscope. 
An alcohol fixed pycnogoni^, Nymphon sp., was obtained from Dr. J. R. 
Redmond, Department of Zoology and Entomology, Iowa State University, Ames, 
Iowa. The animal had been collected in the Antarctic in 1958. Pieces 
were removed from the specimen and were treated in the same manner as Lim-
ulus carapace. 
Hemocyte cultures containing bacteria were prepared for viewing by the 
above procedures. Agglutinated hemocytes were also prepared for viewing 
to determine how bacteria were immobilized physically in gelled blood and 
cellular clots. 
Light Microscopy and Staining 
Hemocyte smears were prepared by smearing a drop of blood on a glass 
slide and immediately placing it in 10% formalin sea water. Smears were 
fixed 15-30 min, washed in distilled water, and air dried. Limulus tis­
sues and carapace pieces were fixed overnight in 10% formalin in sea water 
and prepared for paraffin embedment (Humanson, 1972). Some tissues were 
frozen in liquid nitrogen, freeze dried, formalin vapor fixed, and paraf­
fin embedded. Specimens were also embedded in methacry 1 ate after dehydra­
tion in monomer (Leduc and Bernhard, 1967; Rudell, 1971). 
Staining procedures for hypodermal gland contents were carried out as 
discussed by Bancroft (1967) and Pearse (1968). These were as follows: 
toluidine blue; mucicarmine; PAS; colloidal iron; alcian blue pH 1.0 and 
pH 2.5; azure A pH 0.5 to 5.0; low iron diamine alcian blue (LID); high 
iron diamine alcian blue (HID); periodic acid-paradiamine; tetrazolium; 
Bial; Sakaguchi; 8-hydroxyquinoline; Millon; dimethylaminobenzaldehyde 
(DMAB); acid-alcian blue; ninhydrin-Schiff; and mercuric-bromphenol blue. 
Hemocyte smears received the same treatments with the addition of stains 
or reactions for the presence of beta glucuronidase, acid phosphatase; 
alkaline phosphatase esterase, leucine aminopeptidase, arylsulfatase, 
monoamine oxidase, peroxidase, and DOPA oxidase as described in Bancroft 
33 
(1967). Melanin stains and bleaching techniques were employed (Bancroft, 
1967). These were the Schmorl method and the Masson Fontana method for 
melanin. Bleaching was carried out with potassium permanganate-oxalic 
acid and extraction procedures used alcoholic picric acid. Control sections 
for each stain or reaction were made using Limulus or frog tissues. Ta­
bles 9 and 17 describe the application of each technique for hemocytes and 
glands, respectively. 
Circulatory System 
The circulatory system of Limulus was examined by several methods. 
Serial sections were made from small (3-10 mm) animals. The heart and legs 
of adult animals were also sectioned to examine the tissues for blood ves­
sels and tissue construction. Evans blue dye, 1 ml of 4 mg per ml, was in­
jected into the heart of 2 inch wide animals. The path of the dye was ob­
served by placing a strong light beneath a glass container which housed 
the animal. Plastic replicas were also prepared with Batson's #17 corro­
sion compound (purchased from Polysciences). The plastic was colored with 
carmine red and injected into the heart. A gill or leg was removed before 
injection to prevent the rupture cf vessels by pressure and to allow ex­
cess material and blood to drain from the body. After the plastic had 
hardened, the carapace and tissues were digested in Clorox, leaving only 
the replica. 
Sinuses were postulated by the sudden appearance of large numbers of 
hemocytes during stress caused by bleeding, immersion in fouled sea water, 
or the injection of 0-antigen. To determine the presence of sinuses, sec­
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tions and the plastic replicas were employed. 0-antigen was injected and 
6-12 hours were allowed for it to be cleared from the circulation. The 
animals were then stressed and the hemocytes in blood smears were examined 
for phagocytized bacteria. Hemocyte concentrations were determined at the 
same time by hematocrit determination. 
Test for Agglutination 
Memo lymph, clotted hemolymph, lysate, fractions of each, exudate and 
gut washings were tested for agglutination by the addition of 0-antigen or 
RBC's to aliquots of test solution. An untested and tested portion of 
each sample was subjected to electrophoresis, as described, to determine 
if any component was removed by agglutination. Inhibition of agglutina­
tion was attempted by the addition or application of one of the following 
to each sample: heat; alteration of pK; endotoxin; calcium-free sea water; 
distilled water; cyanide; N-ethylmaleimide (NEM); n-acetyl glucosamine; 
fucose; and mannose. 
Alteration of in vivo Concentrations of 
Hemocytes and Blood Protein 
As discussed previously, blood protein concentrations were estimated 
by refractometry in the interests of speed and the utilization of a small 
amount of sample. Hemocyte numbers were determined by the hematocrit. 
Blood was drav/n as described and a drop was expelled from the syringe onto 
a cold plastic culture dish on an ice bath. Siliconized capillary tubes 
were filled, plugged with plasticene, and centrifuged 10 min in an Inter­
national micro capillary tube centrifuge. 
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In order to induce a change in blood protein and hemocyte concentrations, 
animals were injected with 0.5 ml of 0-antigen containing 5 million cells 
per ml. An initial 2.0 ml sample of blood was withdrawn before the injec­
tion of 0-antigen. Subsequent 2.0 ml samples were taken at 12 hour inter­
vals for 48-72 hours. A drop was used for hematocrit determination while 
the remainder was centrifuged to remove the hemocytes. Several drops were 
used for protein determination and the rest was placed in sterile culture 
tubes and stored in the cold until used. At the termination of the sam­
pling period, the series of samples from each animal were tested for bac­
tericidal activity as described. Secondary responses were determined by 
reinjecting 36 hours after the initial injection. The sampling procedure 
was then repeated. 
Changes in blood protein and hemocyte concentrations were also induced 
by exposing animals to fouled sea water as described. The hematocrit and 
blood protein concentration was sampled at 6-12 hour intervals for seven 
days. No bactericidal assays were performed on these samples. 
To test for a stronger immune response by vaccination, several animals 
were injected with 0-antigen. A challenge injection of live bacteria was 
given to those and control animals 36-48 hours after the initial injection. 
The animals were examined for several days or until moribund. 
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RESULTS 
In order to isolate the agglutinin, aceTJular hemolymph was separated 
into two fractions on either Sephadex G-lOO or G-200. Fraction I corre­
sponded to hemocyanin and a protein associated with cell lysates. Fraction 
II contained some hemocyanin and a protein associated with agglutination 
as shown in Figure 1. After centrifugation at 100,000g for 6 hours at 4°C, 
most of the hemocyanin was removed as a pellet. The supernatant contained 
the agglutinin. It chromatographed as one broad peak and corresponded to 
fraction II. These various fractions, as well as whole, acellular hemo­
lymph, were tested for lysozyme activity and for agglutinating properties. 
Lysozyme assays were negative. The agglutinin in acellular hemolymph and 
the protein of fraction II was removed by live bacteria and the 0-antigen 
as shown by electrophoresis (Fig. 1). Observations by phase contrast mi­
croscopy, suggested that bacterial flagella (H-antigen) were bound or in­
activated by the agglutinin. Tests for factors influencing agglutination 
are summarized in Table 1. Hemolymph fraction I was contaminated with pro­
tein subunits from hemocyte lysates. The contaminants imparted a weak 
agglutinating capacity to fraction I. 
Bactericidal assays were conducted using acellular hemolymph from five 
animals. The results are summarized in Table 2. These results demon­
strated that hemolymph proteins were bactericidal. Furthermore, the bac­
tericidal activity was due to the agglutinin as shown by negative bacteri­
cidal activity after its adsorption from the hemolymph (Table 2). 
Fig. 1. Electrophoretic patterns of hemolymph proteins.^ 
Tube 1. Normal acellular hemolymph. The first two bands repre­
sent a protein from the lysate and the agglutinin, re­
spectively. The last three bands are hemocyanin and its 
subunits. 
Tube 2. Hemocyanin isolated by preparative ultracentrifugation. 
/ 
Tube 3. Hemoglobin. The agglutinin, tubes 1 and 4, has an 
electrophoretic mobility similar to hemoglobin. 
Tube 4. Hemolymph adsorbed with RBC's. 
Tube 5. Acellular hemolymph adsorbed with 0-antigen. Note the 
change in the stain intensity or concentration of the 
agglutinin here and in tube 4. 
Tube 6. Electrophoretic pattern of normal acellular hemolymph. 
Tube 7. Electrophoretic pattern of clotted hemolymph from sam­
ple six. Compare the agglutinin band with tube 6. 
The agglutinin was more concentrated after clotting. 
Tube 8. Hemolymph fraction I. A faint protein band associated 
with cellular lysate is located above the hemocyanin 
bands. 
Tube 9. Hemolymph fraction II. The bands above the hemocyanin 
were associated with the agglutinin. 
^In tubes 5 and 9, pencil marks were used to intensify the 
band density for photography. 
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Table 1. Influence of factors in inhibiting the agglutination of 0-antigen by whole, acellular he-
molymph (H) and heniolyniph fractions I and II 
Treatment Complete Partial Agglutination 
inhibition inhibition unaffected 
H HI HII H HI HII H HI HII 
65°C, 30 niin. + + + 
pH 6 + + + 
pH 9 + + + 
Endotoxin + + + 
Calcium-free saline + + + 
Distilled water + + + 
Potassium cyanide (KCN) + + + 
N-ethylmaleimide (NLM) + + + 
N-acetyl glucosamine (NAGA) + 4- + 
Fucose + + + 
Mannose + + + 
0-antigen adsorption + + + 
Control (untreated) + + + 
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Table 2. Bactericidal activity in hetnolymph against atlantica 
Animal number Average colony count 
1 49 
2 80 
3 125 
4 142 
5 35 
la (0-antigen treated) 180 
2a (0-antigen treated) 230 
Control colony count 222 
The blood protein and hemocyte concentrations in Limulus were altered 
by the injection of 0-antigen. After injection the protein levels de­
creased by about 7.0% within 6 hours and then began to increase after 24-
36 hours. Thereafter they either fell to a lower concentration or remained 
elevated above the initial concentration. The effect of 0-antigen injec­
tions on hemolymph protein or agglutinin concentration is presented in Ta­
ble 3 and graphically in Figure 2. The alteration of hemocyte concentra­
tions or hematocrit induced by 0-antigen injection is shown in Table 4 and 
Figures 3a and 3b. Hemocyte levels decreased for 12-24 hours after the in­
jection of 0-antigen. At about 36 hours, the hematocrit first increased 
and then fell after 48 hours had elapsed after 0-antigen injection. The 
results of the bactericidal assay from the above aliquots are shown in Ta­
ble 5 and Figures 3a and 3b. The bactericidal capacity of the hemolymph 
varied inversely with the hematocrit and hemolymph protein concentration. 
Tests for short term immunity were conducted. Several animals were in­
jected with 0-antigen. After 24-36 hours, two treated and two untreated 
Table 3. Hemolymph protein change post-injection® 
Animal number Protein (g/lOO ml) 
Time in hours 
0 12 24 36 48 60 72 84 96 106 
6 3.0 3.5 3.0 3.2 3.2 - - 3.1 - -
7 5.3 4.8 4.7 4.9 4.8 - - 4.9 - -
8 5.3 6.2 6.6 6.4 6.5 - - 5.9 - -
9 5.0 4.8 5.2 5.5 5.5 - - 5.1 - -
10 0.5 0.5 0.5 0.6 0.7 - - 0.6 - -
11 1.0 0.9 1.1 1.0 1.0 - - 1.1 - -
12 0.7 0.6 0.6 0.6 0.8 - - 0.8 - -
13 2.3 2.0 2.0 2.0 1.9 - 1.9 - 2.1 -
14 1.8 1.7 1.5 1.7 1.7 - 1.7 - 1.8 -
15 1.5 1.4 1.4 1.3 1.3 - 1.7 - 1.4 -
16 3.6 4.2 3.6 3.8 3.7 - - 3.7 - -
17 2.8 2.5 2.5 2.2 2.4 - - 2.4 - -
18 0.9 0.9 0.9 1.1 1.3 - - 1.1 - -
19 1.26 1.1 1.1 1.1 1.4 - - 1.4 - -
20 2.5 2.4 2.5 2.6 2.6 - - 2.7 - -
6a (Reinjected at 84 hrs.) 3.1 3.1 2.9 3.0 3.1 2.8 - 3.1 - 2.8 
7a {Reinjected at 84 hrs.) 4.9 4.6 3.4 4.4 4.5 5.0 - 5.2 - 5.2 
8a (Reinjected at 36 hrs.) 5.9 5.7 5.6 5.3 4.5 - - 5.1 - -
9a (Reinjected at 36 hrs.) 5.1 5.0 4.9 4.9 5.0 - - - - -
Controls (Sea water injected) 
21 4.3 4.3 4.3 4.2 4.2 4.3 4.2 - 4.2 -
24 3.5 3.5 3.5 3.5 3.4 3.4 3.4 - 3.4 -
35 2.3 2.3 2.3 2.3 2.3 2.3 2.3 - 2.2 -
®T1me 0 served as a control for each animal. 
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Fig. 2. Hemolymph protein as a function of time post-injection. Animals 
7, 8, and 11 were chosen at random to present the results of 
Table 3. Animal 7a was reinjected 84 hours after the first in­
jection. The hemolymph protein concentration reached a peak 
between 24 and 48 hours after injection. 
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Table 4. Hematocrit change post-injection* 
Animal number Hematocrit 
Time in hours 
0 12 24 36 48 60 72 84 96 106 
6 2.9 8.0 2.8 2.1 2.1 - - 2.2 - -
7 4.5 3.9 2.5 7.1 3.1 - - 2.8 - -
8 4.4 4.2 4.1 4.6 4.0 - - 3.7 - -
9 4.0 3.6 4.7 4.2 4.2 - - 4.1 - -
10 2.1 1.4 0.2 1.1 0.7 - - 0.4 - -
11 2.5 1.6 1.7 2.2 0.4 - - 1.5 - -
12 0.4 0.3 0.5 0.6 0.2 - - 0.3 - -
13 2.2 2.1 1.1 2.8 1.1 - 3.2 - 4.0 -
14 1.9 0.9 1.9 1.8 1.6 - 0.8 - 0.9  -
15 2.8 2.4 1.8 1.6 3.5 - 3.2 - 1.5 -
16 3.6 3.2 3.4 2.6 2.6 - - 2.7 - -
17 2.8 2.6 1.8 3.5 2.3 - - 3.3 - -
18 4.0 2.7 1.5 2.3 2.1 - - 1.5 - -
19 0.7 0.5 0.9 1.1 0.4 - - 0.5 - -
20 2.4 2.3  1.7 2.5 2.3 - - 2.1 - -
6a (Reinjected at 84 hrs.) 2.2 2.0 2.4 3.3 2.8 1.6 - 2.2  - 3.0 
7a (Reinjected at 84 hrs.) 2.8 - 4.5 3.9 3.3 7.0 - 3.9 - 4.9 
8a (Reinjected at 36 hrs.) 3.7 3.4 3.3 4.0 3.8 - 3.5 - -
9a (Reinjected at 36 hrs.) 4.1 3.9 4.3 4.4 4.1 - - 3.8 - -
Controls (Sea water injected) 
21 3.5 3.5 3.5 3.5 3.6 3.5 3.5 - 3.5 -
24 3.3 3.3 3.3 3.3 3.3 3.4 3.3 - 3.2 -
35 2.2 2.2 2.2 2.2 2.2 2.2 2.2  - 2.2 -
®Time 0 served as a control for each animal. 
Fig. 3a. Hemocyte hematocrit and bactericidal assay as a function of time post-injection. The sol­
id lines represent the hematocrit and the broken lines represent the bactericidal assay. 
Note the inverse relationship between the hematocrit and the bactericidal response^ 
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Fig. 3b. Hemocyte hematocrit and bactericidal assay as a function of time post-injection. The sol­
id lines represent the hematocrit and the broken lines represent the bactericidal assay. 
Note the inverse relationship between the hematocrit and the bactericidal response. 
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Table 5. Bactericidal activity of hemolyniph post-injection® 
Animal number Average colony count 
0 12 24 36 
time in 
48 
hours 
60 72 84 96 
6 142 232 214 195 204 29 
7 35 265 60 368 232 - - 60 -
8 40 123 102 75 68 - - 70 -
9 70 80 156 120 107 - - 80 -
10 80 139 143 77 145 - - - -
11 225 147 198 152 87 - - - -
12 83 78 121 140 61 - - - -
13 46 32 69 26 42 - 62 - 141 
14 120 51 39 46 56 - 35 - 90 
15 75 36 110 55 180 - 75 - 163 
16 170 278 256 234 245 - - 35 -
17 58 40 86 33 53 - - 77 -
18 152 264 271 146 269 - - 139 -
19 108 101 182 153 80 - - 85 -
20 98 125 134 110 118 - - 83 -
6a (Reinjected at 84 hrs.) 29 30 60 10 55 30 - 17 -
7a (Reinjected at 84 hrs.) 60 60 38 55 33 35 - 25 -
8a (Reinjected at 36 hrs.) 70 81 - 71 65 - - 30 -
9a (Reinjected at 36 hrs.) 80 98 63 78 67 - - 53 -
Controls (Sea water injected) 
21 53 55 53 57 52 - 48 - 48 
24 123 125 125 160 130 130 127 - 125 
35 61 65 62 61 63 58 59 - 59 
Sea water control 350 
^Time 0 served as a control for each animal. 
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control animals were injected with 0.5 ml of viable atlantica culture 
in a concentration of approximately 5 x 10^ per ml. The vaccinated animals 
recovered, while the two control animals were moribund within 24 hours and 
48 hours, respectively. No long term enhancement of cell number or activ­
ity v/as found in preimmunized animals (Figs. 3a and 3b). 
The observation that the agglutinin concentration increased after blood 
clotting (Fig. 1) and the inverse relationship between hemocyte numbers and 
bactericidal activity indicated that the hemocytes were intimately involved 
in the production of the agglutinin. In order to determine the source of 
the agglutinin and the role of the hemocytes, cell lysates were prepared 
and fractionated using Sephadex G-lOO or G-200. The lysate was fraction­
ated into two protein peaks. Fraction I contained a protein prevalent in 
lysates, clotted hemolymph, and some hemocyanin. Fraction II contained a 
protein with the same electrophoretic mobility as part of the hemocyanin 
(Fig. 4). Aliquots of hemolymph, lysate, and fractions of each were tested 
for bactericidal activity. As demonstrated in Table 6, lysate, lysate frac­
tions, and the agglutinin were strongly bactericidal. Lysozyme assays were 
negative. 
Tests of agglutination inhibition and antigen-antibody reactions (Table 
7 and Fig. 5) are identical to results using whole, acellular hemolymph 
(Table 1) and indicated that the agglutinin found in hemolymph was derived 
from hemocytes. There v/as cross reactivity between the agglutinin, lysate, 
and lys£te fractions. Anti-lysate antibody gave stronger precipitin reac­
tions after the hemolymph had clotted. No difference in the degree of pre­
cipitation occurred with the use of anti-hemolymph antibody. If the agglu-
Fig. 4. Electrophoresis of lysate and lysate fractions.^ 
Tube 1. Normal lysate electrophoretic pattern. 
Tube 2. Hemolymph electrophoretic pattern. The first two bands 
of tubes 1 and 2 are similar. 
Tube 3. Lysate reacted with endotoxin. Endotoxin removed all 
but the first protein band of the lysate by producing 
the gelation or precipitation of the proteins. 
Tube 4. Lysate adsorbed with RBC's. All but the first protein 
band were removed by attachment to RBC cell membrane 
antigens. 
Tube 5. Electrophoretic pattern of the agglutinin prepared by 
preparative ultracentrifugation. 
Tube 5. Sample 5, the agglutinin, adsorbed with RBC's. The 
third band is reduced in density, compared to tube 5, 
and represents the agglutinin. 
Tube 7. Lysate fraction I. This fraction contained the first 
lysate protein and hemocyanin subunits. 
Tube 8. Lysate fraction II. The protein had electrophoretic 
mobility similar to part of the hemocyanin. 
^Pencil marks were used to increase the band density for 
photography on all tubes. 
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Table 6. Bactericidal assay of hemolymph and lysate proteins 
Protein (0.38 mg/ml) Average colony count^ 
Hemolymph 89 
Hemolymph fraction I 113 
Hemolymph fraction II 75 
Agglutinin 0.0 
Lysate 0.0 
Lysate fraction I 106 
Lysate fraction II 29 
Hemolymph + endotoxin (E) 298 
Hemolymph fraction I + E 310 
Hemolymph fraction II + E 348 
Agglutinin + E 321 
Lysate + E 327 
Lysate fraction I + E 330 
Lysate fraction II + E 334 
Control (sea water diluent) 340 
^Each value is the average of 3-5 replicate preparations. 
Table 7. Influence of factors in inhibiting the agglutination of 0-antigen by lysate and lysate 
fractions 
reatnient Conipl ete 
inhibition 
Partial 
inhibition 
Agglutination 
unaffected 
LI LII L LI LII LI LII 
65"C, 30 min. 
pH 6 
pH 9 
Endotoxin 
Calcium-free saline 
Distilled water 
Potassium cyanide (KCN) 
N-ethylmaleimide (HEM) 
N-acetyl glucosamine (iNAGA) 
Fucose 
Mannose 
0-antigen adsorption 
Control (untreated) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Fig. 5. Antigen-antibody reactions between Limulus agglutinins. The re­
sults of radial immunodiffusion tests of cross reactivity be­
tween the agglutinin, lysate fractions, and hemolymph fractions 
demonstrated that the agglutinin v/as a product of hemocyte pro­
teins. 
A demonstrates that lysate fraction I (LI), the agglutinin (Ag), 
and hemocyanin (Hey) were present in the hemolymph. Lysate 
fraction II (LÎI) is not normally in the hemolymph as an un-
complexed protein. The agglutinin is present in clotted he­
molymph (He) and unclotted hemolymph (Hnc). The center well 
contained antihemolymph antibody (Ah). 
B demonstrates the cross reactivity of 'ysate fraction I (LI), 
the agglutinin (Ag), lysate (L), and hemolymph fraction I (HI). 
The agglutinin was present in hemolymph fraction I (HI) and 
the lysate (L). Lysate fraction I (LI) functioned as an en­
zyme and remained in the hemolymph after the formation of the 
agglutinin (Ag). The center well contained antihemolymph 
antibody (Ah). 
C demonstrates the cross reactivity of the agglutinin (Ag) with 
lysate (L), lysate fraction I (LI), lysate fraction II (LII), 
and hemolymph fraction II (LII). The agglutinin was contained 
in hemolymph fraction II and showed antigenic determinants 
with the lysate and lysate fractions. The center well con­
tained antilysate antibody (Aa). 
D demonstrates a reaction of identity between the agglutinin 
(Ag) and the lysate (L). The agglutinin also showed antigenic 
determinants with hemolymph (Hw) and clotted hemolymph (He). 
In clotted hemolymph, proteins such as lysate fraction I (LI), 
lysate fraction II (LII), and the agglutinin (Ag) were present 
in higher concentrations than in unclotted hemolymph. The 
center well contained antilysate antibody (Aa). 
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tim'n and lysate or lysate fractions were removed by incubation with 0-an-
tigen, the precipitin reaction was slight, while control aliquots reacted 
strongly to anti-lysate antibody. Further evidence for the origin of the 
agglutinin from hemocytes was derived by electrophoresis (Fig. 4). In the 
lysate, a band of protein was consnon to both the lysate and hemolymph. Its 
staining intensity or concentration was reduced by adsorption by RBC's or 
0-antigen as was true for the agglutinin. Fraction I of the lysate had the 
first lysate band and some hemocyanin. Fraction II had only one band asso­
ciated with hemocyanin. The presence of hemocyanin in these two fractions 
was due to contamination by hemocyanin subunits. These subunits may have 
approximately the same molecular weights as the lysate proteins or be bound 
by them. These results, when compared to hemolymph proteins in Figure 1, 
suggested that the origin of the agglutinin was from the hemocytes. Tables 
22 and 23 (Appendix) show the similarity of the amino acid analyses between 
the lysate fractions and the agglutinin. 
The injection of endotoxin into horseshoe crabs resulted in the coagu­
lation of the hemocytes, gelation of the hemolymph, and death. Apparently 
death ensued by asphyxiation due to intravascular clotting and instantane­
ous paralysis. Cell-free hemolymph did not clot or gel with the addition 
of endotoxin. However, if cell lysate v/as added with endotoxin, gelation 
of the hemolymph followed within minutes. Fraction I of the lysate did not 
form a gel with the addition of endotoxin, while fraction II produced a gel 
usually within an hour. The addition of fraction I to fraction II and endo­
toxin decreased the reaction time to 15-20 min. These findings agree with 
those of Young et al. (1972) which suggested that the lysate contained an 
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enzyme (fraction I) and a substrate (fraction II) which form a gel after 
activation with endotoxin. Treatments which inhibited gelation are pre­
sented in Table 8. 
Table 8. Inhibition of lysate gelation by endotoxin 
Protein 65°C Diisopropyl KCN NEH Calcium-free 
(6 mg/ml) flurophosphate (0.01%) sea water 
(0.001 li) 
Lysate + + 
Fraction II + — — - + 
Fraction I + II + + + 
indicates inhibition of gelation. 
Hemocytes were observed in vitro by the use of hanging drop cultures. 
Only plastic cover glasses could be used or the cells would explode or rap­
idly degranulate and form clots. If N-ethylmaleimide (NEM) was used, the 
cells were prevented from aggregating and forming clots (Levin and Bang, 
1968). Inhibition was also noted for calcium-free sea water. The hemocytes 
aggregated and formed a fibrous clot or gel around themselves. Granules 
from the cells were often attached to pseudopodia and clot fibers. The clot 
fibers entrapped and immobilized bacteria (Figs. 6 and 7) rendering them 
more vulnerable to phagocytosis. The immobilization of bacteria by the clot 
was also noted by Bang (1956) and Shirodkar et al. (1960). 
In hanging drop cultures, the agglutination of hemocytes was enhanced 
by the addition of bacteria. The bacteria were inactivated by hemolymph 
agglutinin and clump around the periphery of the degranulated cells (Fig. 7). 
Scanning electron micrograph of bacteria (Ba) entrapped by a 
blood clot. The clot fibers attached to the bacterial cell 
wall. (13,012 X) 
Scanning electron micrograph of bacteria (Ba) entrapped in a 
blood clot. Bacteria clump around the periphery of hemocytes 
(He), as shown. The hemocyte granules produced a dense net­
work of clot fibers over the surface of the hemocyte to cap­
ture bacteria for phagocytosis. (4186 X) 
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Phagocytosis followed the agglutination and the attachment of bacter­
ia to the hemocyte cell membrane (Fig. 8). Their subsequent phagocytosis 
is demonstrated in Figures 9 and 10. Intracellular digestion of phago-
cytized bacteria was accomplished by lysosomal enzymes, indicated by enzyme 
histochemistry (Pearse, 1968). The results of the hemocyte staining reac­
tions are presented in Table 9. Enzyme control reactions were negative. 
Tests were performed to determine what materials would be phagocytlzed. 
A suiranary of these tests is presented in Table 10. Here only RBC's and 
bacteria were shown to be engulfed by the hemocytes. The tests for the 
presence of an opsonin were not conclusive. If there was an opsonin present 
in the hemolymph, its action was limited (Table 11). 
Cell membrane receptor sensitivity was partially determined (Table 
12). Phagocytosis was inhibited by NEM, NAGA, fucose, and lowered calcium 
and magnesium ion concentration. The pH and temperature optima for phago­
cytosis were determined to be pH 8.0-8.5 and 30-35°C, respectively (Tables 
13 and 14). Figures 11 and 12 present these data in graphical form. 
In addition to phagocytosis, hemocytes also encapsulated foreign ma­
terials. Figures 13 and 14 demonstrate the encapsulation of an unknown ne­
matode parasite in Limulus. Developing capsules contained recognizable 
worms and had thin walls. Other capsules were thicker and the contents had 
lost their integrity. It was assumed that the worms were destroyed by 
encapsulation. A large capsule was excised from an adult animal (Fig. 15). 
Its outer surface was dark with ommochrome pigment similar to the inner sur­
face of the cuticle. The capsule was spherical with a diameter of 8.3 mm. 
Its wall was 1 mm thick. The contents of the capsule (Fig. 16) were an 
Fig. 8. Light micrograph demonstrating the attachment of bacteria (Ba) 
to hemocyte pseudopodia prior to their phagocytosis. (2134 X) 
Fig. S. Light micrograph demonstrating the phagocytosis and destruc­
tion of bacteria (Ba) by hemocytes. The engulfed bacteria 
are contained in cytoplasmic vacuoles and have begun to be 
digested by cellular enzymes. (2134 X) 
Fig. 10. Scanning electron micrograph demonstrating the phagocytosis of 
a bacterium (Ba) by a hemocyte. (13,012 X) 

Table 9. Summary of hlstochemical staining reactions on heniocyte granules 
Method Application Result Reference* 
Toluidine blue Acid mucopolysaccharides^ + B 
Mucicarmine Acid MPS - B 
PAS Carbohydrates + B, P 
PAS-diatase Glycogen control + B, P 
PAS-hydroxylamine PAS control - B 
Colloidal iron Acid MPS - B 
Colloidal iron- Hyaluronic acid control - P 
hyaluronidase 
Alcian blue pH 1.0 Sulfated MPS - B, P 
Alcian blue pH 2.5 Hyaluronic acid and sialomucin ± B, P 
Azure A pH 0.5 Sulfated MPS - B, P 
Azure A pH 5.0 Sialomucin - B. P 
Low iron diamine Sulfated MPS and sialomucins - P 
Alcian blue 
High iron diamine Uronic acid containing MPS - P 
Alcian blue and sialomucin 
Periodic acid- Periodate reactive and - P 
paradianiine neutral MPS 
Tetrazolium Sulfate esters and sulfonic acid - P 
Dial Sialic acid - P 
Sakaguchi Arginine + B, P 
8-hydroxyquinoline Arginine + P 
Mi lion reaction Tyrosine + B. P 
D. M. A. B. Tryptophane + B 
Performic acid- Disulfides B. P 
Alcian blue 
Ninhydrin-Schiff Amino groups + B, P 
Mercuri c-bromphenol Proteins + P 
blue 
= Bancroft (1967), P = Pearse (1968). 
^Mucopolysaccharides = MPS. 
Table 9. (Continued) 
Method 
Azure B 
Azure B-RNase 
Methyl green pyrenin 
Peroxidase (Benzidine)*-
DOPA oxidase 
Beta-glucoronidase 
Acid phosphatase 
Alkaline phosphatase 
Nonspecific esterase 
(Burstone) 
Leucine amino-
peptidase 
Aryl sulfatase 
Monoamine oxidase 
(tetrazolium) 
Application Result Reference 
RNA, DMA - B 
RNA control - B 
RNA, DNA B 
Peroxidase - B 
Tyrosinase + B 
Beta-glucuronidase + B 
Acid phosphatase ± B 
Alkaline phosphatase + B 
Nonspecific esterase + B 
Leucine aminopeptidase + B 
Aryl sulfatase + B 
Monoamine oxidase + B 
^fnzyme reactions were carried out at room temperature in sea water. All control sections were 
negative. 
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Table 10. Materials phagocytized by hemocytes 
Material Phagocytosis Agglutination of 
materials 
Carbon particles + 
India ink - + 
Carmine red - + 
RBC's + + 
P. atlantica + + 
0-antigen + + 
Table 11. Tests for opsonic activity 
Material Per cent 
phagocytosis 
Per cent 
membrane 
attachment 
Agglutination 
of 0-antigen 
Hemolymph 78 8 + 
Hemolymph heated 70 1 -
Clotted blood 64 10 + 
Clot heated 68 3 -
Lysate 79 10 + 
Lysate heated 75 10 
For each preparation 200 cells were counted in duplicate and were 
used to calculate the per cent of phagocytosis and membrane attachment of 
0-anti gen. 
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Table 12. Hemocyte receptor sensitivity 
Solution Phaqocytosis Membrane Bacterial 
(%) attachment agglutination 
(%) 
NEM 0 0 + 
Endotoxin 82 7 + 
NAGA 61 13 -
Mannose 86 5 + 
Fucose 72 9 + 
Ca-free sea water 66 19 -
Low Mg Ca-free sea water 71 2 -
Control hemolymph 88 12 + 
Table 13. Effects of temperature on phagocytosis 
Temperature Membrane Phagocytosis Bacterial 
°C attachment (%) agglutination 
(%) 
4 7 55 + 
10 27 64 + 
15 17 77 + 
20 25 80 + 
25 9 81 + 
30 0 92 + 
35 1 92 + 
40 3 84 + 
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Table 14. Effects of pH on phagocytosis 
pH Membrane Phagocytosis Bacterial 
attachment (%) agglutination 
(%) 
6.0 5 62 ± 
7.0 0 88 + 
7.5 1 91 + 
8.0 1 95 + 
9.0 1 92 + 
Fig. 11. Effects of temperature changes on phagocytosis. Peak phago­
cytic activity was between 30-35 C. 
Fig. 12. Effects of pH changes on phagocytosis. Peak phagocytic activ­
ity was between pH 8.0-8.5. 
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Fig. 13. Encapsulation of a nematode by hemocytes. A recognizable worm 
is present within a newly formed capsule (Ca). Hemocytes (He) 
are still present as lamellae on the surface of the capsule. 
The muscle (M) and nerve (N) tissues in the vicinity of the 
capsule appear normal. A blood vessel (Bv) is shown in the 
upper right. (214 X) 
Fig. 14. Nematode capsule in Limulus. As in Fig. 13, hemocytes cover 
the external surface of the capsule (Ca). The worm has been 
killed by encapsulation and has disintegrated. The host's 
tissues (M) were not destroyed by the presence of the foreign 
body before encapsulation was completed. (438 X) 
Fig. 15. Capsule excised from an adult Limulus. 
Fig. 16. Capsule from an adult Limulus and its contents. The capsule 
shown in Fig. 16 was opened. Its contents were an amorphous, 
gelatinous mass with some fragments of chitin. The capsule 
wall was 1 mm thick and was lightly pigmented on its outer 
surface. 
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amorphous, gelatinous mass with some fragments which were chitinous in ap­
pearance. 
To observe the encapsulation process, small pieces of crayfish cuticle 
were placed beneath the arthroidial membrane of the legs of small specimens 
of Limulus. The encapsulation of crayfish cuticle was allowed to progress 
for three weeks. Figures 17, 18, 19 and 20 are representative sections at 
24 hours, 1 week, 2 weeks, and 3 weeks, respectively. By the second and 
third weeks, the cells were arranged in lamellae and had produced an inner 
layer of dark material on the surface of the implanted cuticle preparatory 
to encapsulation. 
The relatively sudden increase in hemocyte numbers after 0-antigen in­
jection or exposure to fouled sea water did not allow enough time for the 
contribution of hemocytes by mitosis. Smears from normal animals and from 
animals injected with 0-antigen and sampled at 12 hour intervals for three 
or four days to a week gave no evidence of mitosis. If an adult animal 
was stressed by withdrawing about five samples of 10-20 ml of hemolymph at 
20 min intervals, the blood became milky with hemocytes even though there 
was little cellular agglutination. Apparently the animal stored hemocytes 
which were released under stress. Injected 0-antigen disappeared from the 
circulation within 12 hours. If the animal was stressed by bleeding 12-24 
hours after the injection of bacteria, hemocytes were recoverable in the 
circulation which contained phagocytized bacteria. 
Sinuses which may store hemocytes and which act as phagocytic organs or 
centers may be demonstrated by several methods. Plastic casts cf the cir­
culatory system (Figs. 21 and 22) and sections taken from animals injected 
with carmine red or 0-antigen demonstrated the presence of these sinuses. 
Fig. 17. Encapsulation of crayfish cuticle 24 hours after implantation. 
Note the accumulation of hemocytes (He) around the implant (C). 
(210 X) 
Fig. 18. Encapsulation of crayfish cuticle one week after implantation. 
(430 X) 
Fig. 19. Encapsulation of crayfish cuticle two weeks after implantation. 
The hemocytes (He) in contact with the implanted crayfish cu­
ticle (C) have begun to form lamellae. (210 X) 
Fig. 20. Encapsulation of crayfish cuticle three weeks after implanta­
tion. The hemocytes (He) have formed lamellae and have se­
creted a layer of material over the surface of the implanted 
cuticle (C). (859 X) 
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Plastic cast of the circulatory system of Limulus. The cast 
demonstrates the dorsal aspect of the circulatory system. 
Blood leaves the heart (H) by the hepatomarginal trunks (Hm) 
and several aortae such as the median aorta (Ma). The pro-
somal tissues are served by the hepatic artery (Ha). Anterior 
lateral vessels (Al) bring oxygenated blood to the leg muscu­
lature. The branchial efferent vessels (Be) return oxygen­
ated blood to the pericardium. 
Plastic cast of the ventral aspect of the circulatory system 
of Limulus. This view demonstrates the dorsoventral sinuses 
(Vs) and the midventral vessel (Mv) which contains the nerve 
cord. The insert shows the connection of the midventral ves­
sel (Mv) and the lateral ventral vessels (Lv) to the dorso­
ventral sinuses (Vs). These three vessels supply the gills 
with unoxygenated blood. 
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Figures 23, 24, and 25 are sketches made from a collection of plastic casts. 
Injections of Evans blue dye corroborated the path of blood flow postulated 
from the plastic casts. The route taken by the blood may help to explain 
the rapid changes in the number of circulating hemocytes in response to 
various treatments. 
In reference to Figures 21-25, hemolymph was pumped forward and left 
the heart by ttie median aorta, paired ventral aortae, anterior and posterior 
lateral arteries, and the hepatomarginal trunk. Blood left the vessels via 
small collateral branches which terminated in the hemocoel between tissues. 
Most of the tissues of the prosoma were supplied with oxygenated blood by 
collateral vessels which branched from the hepatic and marginal arteries. 
The oral ring, which contained the brain, was supplied by the ventral aor­
tae, the hepatic arteries, and the marginal connecting vessels. The legs 
received a branch of the anterior lateral arteries which supplied the leg 
musculature and a larger vessel from the oral ring. The anterior lateral 
arteries arose from the hepatomarginal trunk and ran parallel to the peri­
cardium. Tissues in the opisthosoma and the tçlson received blood from the 
posterior marginal vessel. Posterior lateral arteries ran parallel to the 
pericardium posteriorly and united with the posterior marginal vessel. The 
posterior lateral arteries received a branch of the hepatomarginal trunk 
and supplied the gill musculature, the intestine, the median ventral vessel, 
and the telson with oxygenated blood. Lateral marginal vessels supplied 
the opercula. 
Blood and cells returned to the heart directly from small vessels which 
entered the pericardium from the tissues, including the gut, and five pairs 
Fig. 23. Circulatory system of Limulus sketched from plastic cast, dor­
sal view. 
Am Anterior marginal artery 
A1 Anterior lateral artery 
Be Branchial efferent artery 
H Heart 
Ha Hepatic artery 
Hm Hepatomarginal trunk 
Ma Median aorta 
Mc Median connecting vessel 
PI Posterior lateral artery 
Pm Posterior marginal artery 
Ss Superior spinal artery 
Va Ventral aorta 
Fig. 24. Circulatory system of Limulus sketched from plastic casts, ven­
tral view. 
Bav Branchial afferent vessel 
Lv Lateral ventral vessel 
Mv Median ventral vessel 
Or Oral ring 
Vs Dorsoventral sinus 
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Ma 
Am 
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Fig. 24 
Am 
Fig. 25. Circulatory system of Limulus sketched from plastic casts, 
side view. 
Mc Median connecting vessel 
Is Inferior spinal artery 
Pc Pericardium 
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of branchial efferent vessels. A single median ventral vessel and a pair 
of lateral ventral vessels left the oral ring and passed posteriad beneath 
the intestine. These terminated as small branchial afferent vessels which 
emptied into branchial sinuses. Blood and cells were also returned to the 
gills and the heart via the paired ventral sinuses. Small vessels left the 
ventral sinuses and joined the branchial afferent vessels. Blood entered 
the gill lamellae to be oxygenated and was returned to the pericardium via 
the branchial efferent vessels. In such a system, hemocytes may aggluti­
nate or lodge in the tissue spaces, the dorsolateral sinuses, or the intes­
tinal sinus to act as a blood filtration system. Cells may be rapidly re­
turned from these areas by vessels going directly to the heart or by ves­
sels from the sinuses entering the branchial circulation. 
Small Limulus were fixed six to eight hours after the injection of 0-
antigen or carmine particles. Sections demonstrated that the gut sinus was 
the major organ for the agglutination and phagocytosis of foreign particu­
late matter. Blood vessels were not lined with endothelium and exhibited 
no phagocytic activity (Fig. 25). The agglutination of carmine particles 
was demonstrated in the gut sinus (Fig. 27). Figure 28 demonstrates the 
gut sinus and the ventral median vessel which also contained the ventral 
nerve cord. The lamina propria of the intestine was a loose arrangement of 
fibers of connective tissue and hemocytes and may have acted as a hemocyte 
storage area and phagocytic center (Fig. 29). 
During the course of experimentation, it was found that the animals se­
creted a viscous exudate through the exoskeleton when stressed by the pres­
ence of decaying materials in the aquaria. Since mention of such a secre-
Fig. 26. Paraffin section of a representative blood vessel. Note the 
lack of an endothelial lining in the blood vessel. (425 X) 
Fig. 27, Section through the intestine after the injection of carmine 
particles. Carmine particles (Cr) were agglutinated in the 
intestinal sinus after they were injected into the heart. A 
layer of columnar epithelium separates the sinus from the gut 
lumen (Gl). (208 X 
Fig. 28. Cross section through a small specimen of Limulus. The dorso-
ventral (Vs) and intestinal (Is) sinuses are present even in 
young specimens. The esophagus (Es) does not have a sinus. 
The midventral vessel (Mv) contains the ventral nerve cord 
(Nc). (217 X) 
Fig. 29. Section through the intestine of an adult Limulus. The intes­
tinal sinus or lamina propria begins beneath the intestinal 
epithelium (Ep). The intestinal sinus contained a large num­
ber of hemocytes (He). It may store hemocytes and act as a 
phagocytic organ. (426 X) 
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tion by a marine arthropod is not contained in the literature, the function 
and properties of the material was of great interest. 
The histology of the carapace demonstrated the presence of hypodermal 
glands which produced the exudate as shown in Figures 30 and 31. Secretion 
took place through gland ducts which passed through the carapace. Extern­
ally the ducts were contained in a canal (Fig. 34). On the inner surface 
of the carapace, two populations of canals were apparent (Fig. 35). Canals 
housing gland ducts were 16 x 22 y in diameter and the larger canals were 
55 X 77 p in diameter. There were an average of 10-12 ducts for every 
large canal. The larger canals were associated with sensilla on the outer 
surface of the carapace. Figures 36 and 37 show representative sensilla. 
A random sample of external gland ducts is presented in Table 15. Glands 
were also noted in the legs. 
Table 15. Hypodermal gland density 
Location 
Above eye Cheek Median Ventral Opisthosoma 
lobe prosoma 
Glands/mm^ 23 20 17 20 15 
The secretion of exudate was stimulated by the placement of animals in 
the fish infusion or by the use of chambers. 0-antigen injections also 
stimulated secretion. Chambers filled with n-acetyl glucosamine induced 
secretion only after the solution was contaminated with bacteria. Many of 
Fig. 30. Hypodermal glands penetrating the carapace. Hypodertnal glands 
(Hg) lie beneath the carapace. The gland ducts are contained 
in canals which traverse the carapace. (274 X) 
Fig. 31. Hypodermal gland histology. Hypodermal glands were simple 
acini surrounded by a thin layer of connective tissue. 
(445 X) 
Fig. 32. Hemocyte distribution during exudate induction. Hemocytes (He) 
moved into the connective tissues beneath the hypodermis during 
the stimulation of exudate secretion. (461 X) 
Fig. 33. Hemocyte distribution during exudate induction. During exudate 
induction the hemocytes (He) moved into the connective tissues 
and surrounded the hypodermal glands and gland ducts. Note 
the abundance of hemocytes in Figs. 32 and 33 compared to the 
lack of cells in normal, nonsecreting animals (Figs. 30 and 
31). (461 X) 
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Fig. 34. Scanning electron micrograph of a hypodermal gland duct. 
Gland ducts (Gd) are contained within canals which open on the 
external surface of the carapace. The secretory pore of the 
duct is visible in this preparation. (2100 X) 
Fig. 35. Scanning electron micrograph of the internal surface of the 
carapace. Two populations of canals were seen on the inner 
surface of the carapace. The small canals contained nervous 
elements associated with sensilla. (130 X) 

Figs. 36 and 37. Scanning electron micrograph of sensilla. Sensilla 
were noted on the carapace. These sensilla were dis­
tributed over the external surface of the entire exo-
skeleton, except for the gills. The sensillum In Fig. 
37 was broken from its base during preparation. 
(1346 X) 
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these bacteria were rendered nonmotile and were clumped by exudate secreted 
into the chamber. These results suggested that the stimulation of secre­
tion was a local response and was due to the presence of diffusable bacter­
ial substances which were detected by the sensilla. Secretion began 6-12 
hours after the application of stimulation and continued for 24-36 hours 
after strong stimulation. If animals were exposed to less potent stimula­
tion, the reaction continued for several days. The effects of weak stimu­
lation were examined for a week at 12 hour intervals. Tables 16 and 17 
present the changes in blood protein and hematocrit during exudate secre­
tion. The results are summarized by Figures 38 and 39 for the blood protein 
concentration and hematocrit changes. Slightly before and during the ac­
tive secretion phase, hemocytes moved into the connective tissues under the 
hypodermis, surrounded the glands, and moved into the canals of the ducts 
and sensilla (Figs. 32 and 33). The magnitude of the hemocyte concentration 
in these areas was significant when compared to hemocyte concentration in 
an animal under normal conditions (Figs. 30 and 31). 
The exudate is quite viscous and elastic. During collection, it may 
pull itself from the pipette or be stretched out to 10 cm before a strand 
loses its cohesiveness. Due to the method of collection and to the mate­
rial's solubility in sea water, samples varied widely in viscosity, concen­
tration, and amount. Samples were pooled and tested for protein and car­
bohydrate concentration. The exudate has a protein moiety and a carbohy­
drate moiety as evidenced by 280 nm absorbance and the Lowry technique, the 
anthrone reaction, and the phenol sulfuric acid reaction. A typical pooled 
sample contained 0.5-1.0 mg per ml protein and 300-1000 iig of carbohydrate 
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Table 16. Hemolymph protein concentrations during exudate secretions 
Animal Protein (q/100 ml) 
number 
0 6 12 24 36 43 60 72 84 96 168 
22 2.6 2.7 2.7 2.8 2.4 3.2 2.7 - 2.4 - 1.9 
23 0.6 0.8 0.8 0.8 0.7 0.7 0.9 - 0.8 - 0.4 
24 3.4 3.6 3.5 3.8 3.3 3.6 3.7 - 3.7 - 2.7 
25 4.5 4.4 2.1 4.4 4.7 4.4 4.8 4.5 - 4.5 4.0 
26 1.9 2.0 0.5 1.6 1.5 1.7 1.7 1.5 - 1.5 1.7 
Control 
27 3.0 3.0 3.0 3.0 3.1 3.1 3.0 2.9 - - 1.7 
Table 17. Hematocrit changes during exudate secretion 
Animal % cell volume 
number 
0 6 12 24 36 48 60 72 84 96 168 
22 7.5 1.5 1.2 2.2 1.2 2.9 2.5 - 2.3 - 0.6 
23 2.1 3.2 1.4 1.1 0.7 1.6 1.1 - 1.0 - 0.3 
24 1.9 2.9 2.5 2.4 1.4 2.4 2.8 - 3.2 - 2.0 
25 4.0 6.7 4.6 4.5 3.6 4.8 1.7 3.2 - 4.2 2.3 
26 3.4 5.7 3.1 2.4 4.0 4.6 2.8 1.7 - 2.0 1.2 
Control 
27 1.6 1.6 1.6 1.7 1,7 1.7 1.6 1.6 - - 1.6 
Fig. 38. Hemolymph protein concentration as a function of time during exudate induction. The hemo­
lymph protein concentration Increased within 24-48 hours after the animal had been exposed 
to fouled sea water. A second peak followed 72-96 hours later. 
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Fig. 39. Hematocrit as a function of time during exudate induction. The changes in the hematocrits 
were directly proportional to the changes in hemolymph protein concentrations (Fig. 38) 
induced after exposure to fouled sea water. 
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per ml. 
The function of the exudate appeared to be two fold. It functioned 
first as a mechanical barrier to pathogens due to its viscosity and second­
ly as an agglutinin. In vitro it readily agglutinated human, dog, and rab­
bit RBC's, algae, ciliates, and bacteria. 
The protein and carbohydrate concentrations were determined before and 
after the addition of 0-antigen to samples of exudate, as discussed previ­
ously. Here 0.37 mg per ml of protein was adsorbed from an initial concen­
tration of 0.82 mg per ml. The carbohydrate concentration was reduced 
from 500 ug per ml to about 325 pg per ml after the addition of the 0-anti-
gen. 
Further tests of the exudate's agglutination capacity were conducted af­
ter physical and chemical tests of stability. The material's viscosity may 
be lost irreversibly with repeated forceful pipetting, heating to 60°C for 
15-30 min, and changes of pH above 9.0 or below 6.0. It was not precipita­
ted by trichloroacetic acid (TCA) or ethanol. Agglutinating activity was 
destroyed by heating, pH changes, TCA, and alcohol treatments. It retained 
its viscosity and function after freezing and thawing several times and may 
be stored frozen for several months. The material was dialyzable and has 
not been desalted completely by either dialysis or Sephadex chromatography. 
It passes rapidly through dialysis membranes including Spectrapor III which 
is reported to have a molecular cutoff at 3500 da1tons. The material also 
binds to Sephadex. A similar problem was encountered by Ishiyama and Uhlen-
bruch (1972) with snail agglutinin which was eluted from Sephadex with 
0.5 M glucose. This technique was not successful when applied to bound 
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Limulus exudate. After dialysis against sea water, the materials retained 
and passed were active in agglutination. However, aft^r dialysis with dis­
tilled water or calcium-free sea water, the exudate was inactivated. A 
summary of the effects of chemical and physical treatments on the aggluti­
nating capacity of the exudate is presented in Table 18. 
Acrylamide gel electrophoresis of the exudate resulted in the separa­
tion of two protein bands and one carbohydrate band (Fig. 40). The farth­
est migrating protein and carbohydrate bands were in close approximation. 
The carbohydrate band stained positively for glycoproteins and acid muco­
polysaccharides by toluidine blue and alcian blue staining (Fig. 40). In­
cubation with RBC's or 0-antigen caused the adsorption of exudate and de­
creased or removed the protein and carbohydrate bands. Mucus derived from 
gut washings was compared to the exudate by electrophoresis. As shown in 
Figure 40, the top and bottom band matched the exudate while the middle two 
approximated hemolymph proteins. The SDS acrylamide gel electrophoresis 
technique for the estimation of molecular weight (Segrest and Jackson, 1972) 
suggested a molecular weight of less than 6000 daltons for the exudate pro­
tein. 
Histochemically the glands were PAS positive and gave metachromatic re­
actions for acid mucopolysaccharides (Bancroft, 1957; Pearse, 1968). Pearse 
(1968) assumed that these reactions support the presence of sulfated muco-
substances and may be indicative of the presence of hyaluronic acid or sialo-
rr.ucins. Tetrazolium reactions for sulfate groups were positive as were per-
formic acid-alcian blue reactions for thiols and disulfides. Bial tests 
for sialic acid were also positive. Low and high iron diamine alcian blue 
Table 18. The effects of physical and chemical treatments on the agglutinating capacity of Limulus 
exudate 
Experimental procedure Complete Agglutinin Agglutinating 
inactivation partially activity 
of agglutinin inactivated unaffected 
Prolonged freezing + 
(4-6 months) 
Repeated freezing and thawing + 
Heat (65°C) 
Heat (loorc) 
+ 
+ 
Acidic pH extremes + 
Alkaline pH extremes + 
Dialysis: 
Distilled water + 
Sea water + 
EDTA treated sea water + 
Forceful pipetting + 
Preadsorption with bacteria + 
or RBC's 
Trichloroacetic acid + 
Phenol extraction + 
Diethyl-ether extraction + 
2-mercaptoethanol incubation + 
Ethanol + 
Endotoxin + 
KCN + 
NEM + 
NAGA + 
Fucose + 
Mannose + 
Fig. 40. Electrophoresis of Limulus exudate and gut mucus.^ 
Tube 1. The exudate contained two proteins. 
Tube 2. 0-antigen adsorbed the proteins and removed them from 
solution. 
Tube 3. RBC's adsorbed the proteins and removed them from so­
lution. The remaining protein band, marked by the 
point, is hemoglobin from the RBC's. The exudate did 
not cause hemolysis. 
Tube 4. The exudate was stained for protein with amido Schwartz. 
Two protein bands were present. 
Tube 5. The exudate was stained for acid mucopolysaccharides 
with alcian blue. One band of acid MPS was present 
which closely approximated the lower protein band of 
of tube 4. 
Tube 6. The exudate v/as stained for glycoproteins with tolu-
idine blue. As in tube 5, one band was noted which 
approximated the protein and acid mucopolysaccharide 
bands of tubes 4 and 5, respectively. 
Tube 7. The first and last protein band of the intestinal mu­
cus had an electrophoretic mobility similar to the 
exudate proteins. 
^Binding patterns were darkened for photography with pencil 
lines. 
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staining and paradiamine staining also indicated the presence of sulfated 
mucosubstances with a content of uronic or sialomucin. Modified carbazole 
reactions for uronic acid and the El son-Morgan reaction for hexosamines 
were positive. These and protein stains are summarized in Table 19. An 
amino acid analysis of the exudate is summarized in Table 22 (Appendix). 
In contrast to histochemical staining, the amino acid analysis revealed no 
thiols or disulfides. The results of gas chromatography are shown in Table 
20 and Figure 41. The results of the staining reactions, the amino acid 
analysis, and gas chromatography indicated that the exudate contained a 
glycoprotein composed of a small protein and various carbohydrates, includ­
ing sialic acid, uronic acid, hexosamines, arabinose, fucose, xylose, man-
nose, glucose, unidentified sugars,and perhaps hyaluronic acid. 
Antibody tests for cross-reactivity between the exudate and other pro­
teins, such as lysate or hemolymph proteins were negative. One may assume 
that there was no antigenic similarity between these materials, although 
they were similar in action and antigenic sensitivity. Glycoproteins con­
tained in mucus from gut washings did cross react with antibody against 
the exudate and demonstrated similar electrophoretic mobility. In all 
cases where the exudate or gut mucus were used, test tube precipitation 
techniques were employed, since these substances did not migrate in agar 
gels and were probably bound by the agar. 
Both the exudate and gut mucus demonstrated agglutinating capacity 
against RBC's and the 0-antigen. In addition, both demonstrated bacteri­
cidal or growth inhibiting properties as shown in Table 21. Lysozyme 
assays were negative. 
Tabid 19. Suiitmary of histocheiiiical staining reactions on Limulus hypodermal glands 
Method Application Result Reference 
Toluidine blue Acid MPSb + B 
Mucicarmine Acid MPS + B 
PAS Carbohydrates + B, P 
PAS-diastase Glycogen control + B, P 
PAS-hydroxylamine PAS control - B 
Colloidal iron Acid MPS + B 
Colloidal iron- Hyaluronic acid control ± P 
hyaluronidase 
Alcian blue pH 1.0 Sulfated MPS + B, P 
Alcian blue pH 2.5 Hyaluronic acid and sialomucin + B. P 
Azure A pH 0.5 Sulfated MPS + P 
Azure A pH 5;0 Sialomucin + P 
Low iron diamine Sulfated MPS and sialomucins + P 
Alcian blue 
High iron diamine Uronic acid containing MPS + P 
Alcian blue and sialomucins 
Periodic acid- Periodate reactive and + P 
para diamine neutral MPS 
Tetrazolium Sulfate esters and sulfonic acid + P 
Bial Sialic acid + P 
Sakaguchi Arginine + B. P 
8-hydroxyquinoline Arginine + P 
Mi 11on reaction Tyrosine + B, P 
D. M. A, B. Tryptophane + B 
Performic acid- Disulfides + B. P 
Alcian blue 
Ninhydrin-Schiff Amino groups + B, P 
Mercuric-bromphenol Proteins + P 
blue 
®B = Bancroft (1967), P = Pearse (1968). 
"MPS = mucopolysaccharides. 
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Table 20. Relative concentrations of carbohydrates in the exudate 
Carbohydrate Per cent 
Arabinose 18.65 
Fucose 13.65 
Xylose 11.43 
Mannose 22.76 
Glucose 6.71 
Total 705" 
Unknown 26.81 
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41. Gas chromatogram of exudate saccharides. The presence of var­
ious saccharides was determined by measuring the distance of 
each peak from the point of application (arrow point). These 
peaks were compared to measurements from a series of standards. 
The recording demonstrated the presence of arabinose (1), fu-
cose (2), xylose (3), mannose (4), and glucose (5). The other 
peaks were not identified. 
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Table 21. Bactericidal activity of Limulus exudate and gut mucus 
Sample number Average colony count 
Exudate 1 101 
Exudate 2 163 
Exudate 3 ISO 
Gut 1 200 
Gut 2 190 
Gut 3 165 
Control 221 
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The pycnogonid was used as a comparison with Liitiulus since both are 
believed to be marine chelicerates. Figures 42, 43, and 44 demonstrate 
the presence of glands and ducts on the dorsal portion of the carapace. 
Only toluidine blue and mucicarmine stains for acid mucopolysaccharides 
were performed. These two stains were positive which may be indicative 
of an acid mucopolysaccharide glandular exudate in the pycnogonids. 
Fig. 42. Hypodermal glands of a pycnogonid. Hypodermal glands (Hg) 
and their associated gland ducts (Gd) were present in the 
pycnogonid. The hypodermis is granular as it was in Limulus. 
(453 X) 
Fig. 43. Canals containing gland ducts in a pycnogonid. As in Limulus, 
two populations of canals were present in the pycnogonid. 
(208 X) 
Fig. 44. Scanning electron micrograph of the surface of a pycnogonid. 
Gland ducts (Gd) were noted on the surface of the exoskeleton. 
The large canal in the upper left corner was the base of a 
spine. (456 X) The insert shows an enlargement of a gland 
duct. The openings of the ducts were guarded by a valve or 
fold of tissue, as demonstrated by this preparation. (2846 X) 
Ill 
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DISCUSSION 
The horseshoe crab is the earliest evolved arthropod whose reactions 
to injury have been studied (Sparks, 1972). Limulus has existed virtually 
unchanged since the Ordovician period. Fossils of Limulus polyphemus have 
been found in Devonian rock (Moore, 1959), which places the origin of the 
species at between 300-500 x 10^ years ago. That the species is extant 
today demonstrates its adaptability to its habitat and its resistance to 
pathogens. 
Loeb (1902, cited by Sparks, 1972) described the primary reaction to 
trauma and infection in Limulus as an infiltration of hemocytes into the 
injured area, extensive henocyte aggregation, and hemolymph gelation or 
clotting. The reports by Loeb (1921) and Sparks (1972) and several unre­
lated studies on agglutinins and bacterial diseases in the horseshoe crab 
have constituted the bulk of the knowledge concerning the immune capabili­
ties of this animal. 
Bang (1956) and Smith (1964) observed bacterial infections in the 
horseshoe crab. The latter reported that hemolymph inhibited the growth 
of a Vibrio bacterial culture, while the former reported that blood from 
sick Limulus would not clot. Bang (1956) also found that the clot of nor­
mal Limulus blood immobilized bacteria. Shirodkar et al. (1960) confirmed 
Bang's observation that Limulus blood clots immobilized bacteria in vitro. 
Cohen et al. (1955) and Marchalonis and Edelman (1968) isolated and 
characterized an agglutinin of RBC's from the hemolymph. They prepared 
the serum or hemolymph for use by allowing the blood to clot. The results 
of the present study confirm part of their data. An agglutinin was 
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present in the hemolymph in concentrations which depended upon the condi­
tion of the animal and the number of circulating hemocytes. The present 
study revealed that the agglutinin concentration increased after blood 
clotting in vitro. The agglutinin seen in electrophoresis was a product 
of the two lysate fractions and formed a protein of a different molecular 
weight and electrophoretic mobility than its precursors. It was a slow 
moving protein in electrophoresis and its position corresponded to the 
"fibrinogen" fraction of hemolymph (Manwell and Baker, 1962). This gave 
supporting evidence that the agglutinin was derived from the hemocyte ly­
sate proteins as it is in insects (Seaman and Robert, 1968). 
Not only did the agglutinin clump vertebrate RBC's, but it also readi­
ly agglutinated bacteria, 0-antigen, carbon particles, India ink, and car­
mine particles (Tables 1 and 10). The agglutinin may be completely removed 
from solution by adsorption to RBC's or 0-antigen. It was heat labile at 
65°C and calcium dependent for its agglutinating properties. The results 
also demonstrated that the agglutinin was sensitive to pH changes, endotox­
in, NAGA, fucose, and mannose. The agglutinin has been shown to be direc­
ted against n-acetyl neuraminic acid receptors, galactogen, and possibly 
mannose (Voightman et al., 1971). These carbohydrates are constituents of 
endotoxin and the bacterial cell wall (Lamanna et al., 1973). Materials 
containing these constituents may be bound by the agglutinin and be removed 
from ûhe hemolymph or inhibit subsequent agglutination by occupying the 
active site of the protein. 
The agglutinin also functioned as a bactericidin. Fractionation pro­
cedures employing Sephadex yielded two fractions from both hemolymph and 
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cell lysates. The results of bactericidal assays on the various frac­
tions, tests for agglutination inhibition, and antigen-antibody reactions 
suggested that the agglutinin was a product of the hemocyte lysate frac­
tions. The cross reactivity of the hemolymph fractions, agglutinin, and 
lysate fractions was due to contamination by subunits of other proteins, 
such as the agglutinin and hemocyanin, and active sites common to both the 
agglutinin and its precursor, lysate fraction II. These latter proteins 
are composed of subunits (Bancroft et al., 1966; Hayaishi, 1962; Mal ley 
et al., 1965; Marchalonis and Edelman, 1968). It is conceivable that 
these subunits bind to one another and are approximately of the same mo­
lecular weight. The differences in the amino acid analyses of hemocyanin 
and the agglutinin reported in the literature (Malley et al., 1965; Mar­
chalonis and Edelman, 1968), as compared to Tables 22 and 23 (Appendix), 
are due to the method of preparation (clotting) and various degrees of 
subunit contamination. These tables show the similarity between the ag­
glutinin and lysate fraction II. 
Both the agglutinin and lysate fraction II were inactivated by endotox­
in and by 0-antigen, which indicated that the attachment sites were simi­
lar. Both the agglutinin and whole lysate were strongly bactericidal. Ly­
sate fraction II was clottable and bactericidal, but slightly less in ef­
fect than whole lysate. The protein must be in an inactive condition and 
possibly becomes activated fay the action of fraction I, by such factors as 
slight alterations in pH, or by the alteration of its steric form by the 
presence of endotoxin or diffusable products from bacteria. The activator 
for the gelation of blood by an enzyme catalyzed reaction of lysate frac­
tion I and fraction II was endotoxin (Young et al., 1972). Since the 
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lysate fractions were involved both in blood clotting and bactericidal 
activity, the activating mechanisms moy be identical. The exact nature 
of the enzyme, lysate fraction I, is not known, since it is not inhibited 
by enzyme inhibitors such as KCN or NEM (Young at al., 1972). 
The function of hemocytes is two fold. They function in blood clotting 
(Levin and Bang, 1963, 1964, 1968) and are phagocytic. Shirodkar et al. 
(1960) observed hemocytes in culture- He observed no phagocytic activity, 
but noted that bacteria were immobilized by clot formation. He did not 
discern the role of the hemocytes in the latter process. In the present 
study, it was noted that the addition of bacteria to hemocyte cultures 
enhanced hemocyte agglutination. Gel formation ensued rapidly after the 
secretion of granules from the cells. Bacteria were then clumped by the 
agglutinin or clot, and were phagocytized. The failure of other investi­
gators to observe phagocytosis is perhaps due to the use of glass surfaces 
which are not compatible with the rather delicate hemocyte membranes and 
the use of nonphysio'iogical saline and incompatible buffer systems. 
The destruction of engulfed bacteria occurred rapidly. After degran-
ulation had occurred, enzyme reactions used to test for the presence of 
lysosomes were positive. Thus it may be safely assumed that the destruc­
tion of engulfed bacteria was due to the presence of lysosomes within the 
hemocytes. As in insects, the hemocytes were DOPA oxidase positive. The 
presence of monoamine oxidase could not be determined. The substrate used 
for the determination was sensitive to both enzymes (Pearse, 1968). If 
Limulus follows the insect model, DOPA oxidase is required for the tanning 
of the cuticle, blood clotting, and encapsulation. Based on the insect 
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model (Anderson et al., 1973a), it is doubtful that Limulus hemocytes 
utilize the myeloperoxidase-peroxide-halide antimicrobial system used by 
vertebrate granulocytes. 
The lysate or agglutinin clumped RBC's and 0-antigens by attaching to 
carbohydrates or glycoproteins contained on their surfaces and to inert 
materials such as dyes or carbon particles, possibly by surface charge dif­
ferences. Hemocytes only engulfed RBC's, bacteria, and 0-antigen. Mem­
brane receptor sensitivity was partially determined. Phagocytosis was in­
hibited by NEM, NAGA, fucose, and lowered calcium and magnesium ion concen­
trations. These results are consistent with data which suggested the exis­
tence of polysaccharide receptors in the active sites of the agglutinin 
(Table 1). Altered calcium and magnesium ion concentrations produced dif­
ferent rates of membrane attachment and phagocytosis (Table 12). The in­
crease in phagocytosis and the reduced attachment of bacteria to hemocyte 
membranes in low magnesium calcium-free sea water, compared to calcium-
free sea water, was perhaps due to changes in the membrane receptors or to 
altered enzyme activation required for phagocytosis (Florey, 1967; Mahler 
and Cordes, 1966). Both divalent cations are often associated with the 
active site of enzymes (Mahler and Cordes, 1966) and are often antagonis­
tic. Calciun is required for the regulation of active transport and cell­
ular permiability (Florey, 1967; Mahler and Cordes, 1966). Low magnesium 
sea water may cause the loss of intracellular magnesium and release en­
zymes from inhibition. The role of calcium and magnesium in cellular 
aggregation and recognition is not clear (Bell, 1965) but these ions are 
responsible for the integrity of the glycocalyx or glycoprotein covering 
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of cells. Altered ion concentration could make membranes sticky and ac­
count for the increased attachment of bacteria to the cell membranes, while 
at the same time causing enzyme inhibition resulting in decreased phago­
cytosis . 
The temperature and pH optima for phagocytosis were determined to be 
30-35°C and pH 8.0-8.5, respectively. These values are the upper limit 
of the temperature and pH range which Limulus, a poikilothermous animal, 
could endure. This value, therefore, reflected a heightened metabolic 
rate at elevated temperatures. The increased phagocytosis at pH 8.0-8.5 
may be useful in the elimination of bacteria entrapped in blood clots in 
the hemocoel or intravascularly where impaired blood flow may cause a pH 
shift from the normal pH 7.3-7.4. Although one would expect such areas 
to become acidic during impaired blood flow, the peak phagocytic activity 
was in an alkaline solution in vitro. 
The results of dye and 0-antigen injections before fixation and sec­
tioning and the observation of plastic casts of the circulatory system 
confirms the existence of sinuses in the horseshoe crab. Sinuses were 
postulated by Patten and Rudenbaugh (1899), but their existence was not 
proven. This article formed the basis for the description of the circula­
tory system in Limulus and is in error. Subsequent works (Kaestner, 1968; 
Marshall and Williams, 1972; Meglitsch, 1967) have perpetuated these er­
rors. The system proposed in this present study represents a more complete 
and corrected system and should prove useful for the determination of in­
travascular blood pressures and oxygenation studies. 
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The sudden increases in hemocyte numbers, after the injection of 0-
antigen or exposure to fouled sea water, did not allow enough time for the 
production of hemocytes by mitosis. There is no evidence for Limulus he-
mocyte mitosis in the literature or from results of this investigation. 
Cells are evidently stored or adhere to the walls of sinuses, especially 
the intestinal sinus. These may be released during infection or stress 
due to hemorrhage and enter the circulation via the branchial afferent ves­
sels. These results indicate that the intestinal sinus may be the primary 
phagocytic center or organ since it is filled with hemocytes and is heavi­
ly vascularized. The rapid clearance of hemocytes after the injection of 
0-antigen, the increased hematocrit 36-48 hours later, and recoverable he­
mocytes which have phagocytized bacteria give credence to the idea of the 
storage and the release of hemocytes from sinuses. Cells may adhere to 
blood vessel or sinus walls during phagocytosis and may be freed by an un­
known release mechanism. Possibly the membranous walls of the sinuses con­
tract to dislodge hemocytes or local, increased blood flow may cause their 
release during the stress response. 
The changes in blood protein concentrations and hemocyte hematocrits 
are reflected in the alteration of the bactericidal capacity after 0-anti-
gen injection. Soon after injection, both blood protein concentrations and 
cell numbers decreased. The decrease was due to the agglutination and phag­
ocytosis of the 0-antigen, which removed both the agglutinin and hemocytes 
from circulation. The bactericidal activity of the hemolymph varied in­
versely with zhe hematocrit and the hemolymph protein (agglutinin) concen­
tration. After zhe initial reaction, hemocytes were released into the 
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circulation. Circulating cells, or those in the sinuses, secreted materi­
als for the replenishment of the agglutinin. There may be a lag phase be­
tween elevated hemocyte hematocrits and the appearance of increased agglu­
tinin concentrations. The peak blood protein concentration and hematocrit 
occurred 24-48 hours after injection. This period coincided with the ini­
tial peak bactericidal activity. Other periods of strong bactericidal ac­
tivity occurred 72-84 hours after injection. These periods were also marked 
by elevated blood protein concentrations or hematocrit levels. 
Reinjected animals demonstrated an increased bactericidal capacity. 
Blood protein concentrations and hematocrit values were slightly lower due 
to the loss of blood by the testing procedure. However, the peak bacteri­
cidal periods paralleled the peak periods of hemoTymph protein concentration 
and hematocrit. The approximate doubling of the bactericidal capacity af­
ter reinjection was due to the enhanced secretion of agglutinin and hemo­
cyte release in response to bleeding and the second injection of the 0-an­
tigen. Here hemocyte and blood protein concentrations were slightly lower 
than during the initial portion of the experiment. 
The increased blood protein concentration and hematocrit after 0-anti-
gen injection protected previously treated animals from infection by chal­
lenge injections of live bacteria. In these animals the bacteria were ag­
glutinated and phagocytized rapidly due to the increased concentration of 
circulating cells and agglutinin. Control animals were not able to increase 
the cell and agglutinin concentrations rapidly enough to prevent a fatal 
bacteremia. 
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Insects respond to the injection of foreign materials and hemorrhage 
by an increase in circulating hemocytes (Briggs, 1964; Salt, 1970). In­
creased hemocyte numbers were noted within 24-48 hours after the injection 
of foreign materials in insects. During this period humoral immunity also 
increased (Briggs, 1964; Chadwick and Vilk, 1969; Gotz, 1973; Hildemann 
and Reddy, 1973; Stephens, 1953b) but demonstrated only limited specificity. 
In contrast, the spiny lobster, Panulirus argus, also demonstrated an 
increased humoral immunity 24-48 hours after the injection of bacterial 
vaccines (Evans et al., 1969). The results of the present study demonstra­
ted that Limulus conformed to the arthropod pattern of response to foreign 
materials introduced into the hemocoel. 
Limulus hemocytes also encapsulated foreign materials which were too 
large for phagocytosis. The encapsulation and destruction of nematodes ob­
served in this study indicated parallels with the insect encapsulation proc­
ess (Gotz, 1973; Salt, 1970). Hemocytes came in contact with the foreign 
material and formed lamellae or cellular layers around them. After three 
weeks, the lamellae or cellular layers were dense and pronounced. As in 
insects, the inner layer was the most dense. The secretion of a trilami­
nate chitinous capsule took place after cellular encapsulation and was a 
product of hemocytes, as it is in insects. This process was evidenced 
by the presence of phenol oxidase in the cells and the persistent layers 
of cells surrounding all but the most developed capsules. In contrast to 
Loeb's work (cited by Sparks, 1972), there was no tissue destruction or 
necrotic coagulum surrounding the implanted materials or nematode capsules. 
Therefore, the reaction of Limulus to large foreign bodies was not the for­
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mation of a cellular clot and the necrosis of surrounding tissues. This 
would probably result in the loss of an infected or parasitized limb if 
such a mechanism were operable. Rather, the result was the encapsulation 
of the foreign body. As in insects (Gotz, 1973; Salt, 1970), the capsule 
may be lost at moulting. Indeed, several odd shaped cuticular scars or 
internal projections were noted in adult animals which had internal cap­
sules (Figs. 15 and 15). 
In insects (Gotz, 1973; Jackson et al., 1969; Salt, 1970), nematodes 
are encapsulated by hemocytes and only rarely escape this process by the 
secretion of a cyst. If a nematode does escape encapsulation by insect 
hemocytes, it is because the parasite has acquired the host's mucopolysac­
charides by burrowing through the cuticle or the coverings of organs. 
Worms also may escape encapsulation by burrowing into organs, which par­
tially protects them from hemocytes. Whether Limulus parasites may escape 
encapsulation by these methods is not known. 
The secretion of protective substances by arthropods is a rare or little 
investigated phenomenon. That the cuticle serves as protection against in­
jury and infection has been demonstrated in insects (Cheng, 1971; Rockstein, 
1954; Salt, 1970). There is evidence that substances in the cuticle offer 
protection from bacteria and fungi (Cheng, 1971; Salt, 1970) in addition to 
the physical protection provided by the exoskeleton. The secretion of poly­
phenols onto the cuticular surface may also provide protection (Heimpel 
and Harshbarger, 1955; Haksymiuk, 1970). The exoskeleton of Limulus also 
affords protection from injury and infection by pathogens. The cuticle 
contains halogenated tyrosines (Welindes, 1972) which result from exposure 
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to sea water during the tanning process. Perhaps the presence of halogens 
inhibit the growth or penetration of pathogens through the cuticle. 
Karlson et al. (1968) noticed the presence of pores or canals in the 
carapace of Limulus, but did not know their function. The present study 
also demonstrated their presence and demonstrated that the canals served 
as outlets for hypodermal glands and nervous elements associated with sen-
cilia on the surface of the exoskeleton. The sencilla are different from 
the mechanoreceptors and chemoreceptors of Limulus described in the litera­
ture (Barber, 1960; Eagles, 1973; Hayes, 1971; Wyse, 1971). They respond 
not to touch, amino acids, or fish extracts, but to diffusable materials 
from Gram-negative bacterial cell walls. Such a system would protect the 
animal in areas of high bacterial concentrations and would cleanse the ex­
ternal surfaces. Since Limulus is a scavenger, this system is important 
for its survival. 
The exudate functioned both as an agglutinin and as a bactericidin. 
The exudate appeared to be a glycoprotein of low molecular weight. Its 
viscosity may be due to the presence of hyaluronic acid or sialic acid 
(Hunt, 1970). The presence of these carbohydrates was indicated by stain­
ing reactions and chemical analysis. The results of histochemical stains 
from invertebrate tissues, however, must be accepted only with caution 
(Hunt, 1970). General classes of compounds may be confirmed, but the pres­
ence of specific substances must only be inferred from staining reactions. 
The differences In ion concentrations, enzyme substrates, and temperature 
optima, as well as zhe possible presence of unidentified reacting substances, 
decrease t.ne reliability of vertebrate staining reactions for the study of 
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marine invertebrates. These reactions may be modified and their results 
compared with in vitro chemical reactions, amino acid analysis, and gas 
chromatography to give more reliability and proof of their specificity. 
The results indicated that the exudate was a glycoprotein containing sial­
ic acid, uronic acid, hexosamines, arabinose, fucose, xylose, mannose, glu­
cose, and perhaps hyaluronic acid. Hyaluronic acid, sialic acid, and sul­
fated mucopolysaccharides impart viscosity and elasticity to invertebrate 
glycoprotein secretions (Hunt, 1970). In mollusca, the glycoprotein or 
mucus coat of the body surfaces lowers the surface tension of sea water 
and acts as a detergent to entrap and float away particulate matter (Hunt, 
1970). 
Mucus from the intestine was similar to the exudate. It functioned 
as an agglutinin and a bactericidin. These two glycoproteins had similar 
electrophoretic mobility and shared the same antigenic determinants. Both 
were precipitated by antibody prepared against the exudate. These results 
indicated that these were either the same molecule or were very similar. 
The intestinal mucus, therefore, acted to prevent the penetration of patho­
gens through the intestinal wall by its bactericidal and agglutinating ca­
pacity. Infection through the intestinal wall is inhibited further by the 
presence of a high concentration of hemocytes in the lamina propria or 
connective tissues of the intestinal mucosa. 
Such glycoprotein secretions are unknown for other arthropods. How­
ever, several similar systems may exist among the chelicerates. The pycno-
gonids (King, 1973) have hypodermal glands and may secrete a mucoid substance 
for protection from the nematocysts of its prey. Trilobites had numerous tu-
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bercles on the marginal walls of the carapace which were pierced by small 
canals. These nay represent passages for tactile setae or may have been 
the outlet for hypodermal glands (Moore, 1959; Whittington, 1941). Perhaps 
the results of the present study may contribute to the determination of 
the phylogeny of these animals. Conversely, only mammals are known to se­
crete antibody-containing mucus to protect mucous membranes. Cells and 
glands of the digestive, respiratory, and reproductive systems secrete 
blood group substances and mucoid secretions which contain antibody (Adi-
nolfi et al., 1966; Gabl and Wachter, 1961; Johansson, 1967; Quinn, 1968). 
These secretions play a major role in the prevention of infection from 
pathogens which are ingested or inhaled. 
The immunological mechanisms of the horseshoe crab were based on a sys­
tem of bacterial agglutinins. Except for the exudate, the system was cell 
mediated. Phagocytes acted to engulf or encapsulate foreign materials and 
secreted an agglutinin. The agglutinin appeared to be derived from the 
lysate or cell granule proteins. This system of proteins, including the 
exudate, was not related to vertebrate immunoglobulins. Vertebrate immuno­
globulins are based upon immunoglobulin G which has a molecular weight of 
160,000 daltons. Immunoglobulins are proteins which contain basic amino 
acids and disulfide bonds (Putnam, 1969). These properties are not shared 
with Limulus agglutinins. In contrast, Limulus agglutinins were similar to 
lectins, which are agglutinins from plants. Lectins agglutinate specific 
vertebrate RBC's by binding the sugars of the blood group substances or 
cell membrane antigens (Sharon and Lis, 1972). The reaction of lectins may 
be inhibited by simple sugars such as NA6A, fucose, mannose, glucose, and 
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galactose. These sugars compete with cell membrane antigens for the bind­
ing sites of lectins. In addition, lectins require calcium and magnesium 
ions for their activity and contain either no or a low concentration of 
sulfur-containing amino acids. Like Limulus exudate, lectins bind to 
Sephadex (Sharon and Lis, 1972). 
The results of the present study have shown that Limulus agglutinins 
required divalent cations and were inhibited by simple saccharides. The 
inhibition of the agglutinins by saccharides indicated that the attachment 
site was, at least in part, a polysaccharide similar in nature to the 0-an-
tigen. In this response, Limulus agglutinins resembled lectins. Further­
more, inert materials such as carbon particles or dyes may be agglutinated 
by positively charged agglutinin proteins due to their net negative charges 
(Lamanna et al., 1973). The action, source, and sensitivity of lobster 
agglutinin closely resembled Limulus agglutinins (Cornick and Stewart, 1973) 
and may serve as a reference model. 
The immune recognition system of Limulus, insects, and other arthropods 
is based on polysaccharide of glycoprotein antigens and receptors for the 
recognition of self and not-self (Cheng, 1971; Gotz, 1973; Salt, 1970). As 
discussed previously, parasites may be coated with a layer of mucosubstances 
or polyphenols obtained from the host or egg membranes and escape the immune 
system by mimicry of the host's antigenic determinants. If these layers 
are removed, the parasite is recognized and attacked by humoral factors and 
hemocytes, as discussed by the latter authors. 
The agglutinins from invertebrates, such as the mollusca and arthropods, 
are quite similar (Acton et al., 1973). Many have sedimentation coeffi-
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cients of 13-33 S. They are composed of subunits of approximately 20 x 10 
daltons which aggregate and dissociate readily. The dissociation and aggre­
gation state is altered by pH and calcium ion concentration (Acton et al., 
1973; Bancroft et al., 1966; Marchalonis and Edelman, 1968). The aggluti­
nins are glycoproteins of often similar amino acid composition (Acton et 
al., 1973) and may be inhibited by NAGA. The carbohydrate portions of the 
molecules may also be similar. Various invertebrate phyla are known to 
possess certain groups of carbohydrates and to demonstrate some intraspe-
cies variation (Katzman and Jeanloz, 1969). Therefore, it appears that 
the agglutinins of invertebrate defense mechanisms may share a common an­
cestry. The determination of phylogenetic relationships may therefore be 
aided by examining the composition and function of the agglutinin molecules. 
SUMMARY AND CONCLUSIONS 
Horsehoe crabs, LimuTus polyphemus, were tested for the presence of 
an immune conferrir system, both iji vivo and i£ vitro. 
Animals were injected with 0-antigen. At 12 hour intervals the hema­
tocrit, the hemolymph protein concentration, and bactericidal capac­
ity of the hemolymph were determined. The hematocrit and hemolymph 
protein concentrations were directly proportional, while the bacteri­
cidal capacity was inversely proportional to both of the latter values 
The bactericidal principle in the hemolymph was an agglutinin which 
clumped vertebrate RBC's, bacteria, and inert materials such as car­
bon particles. The agglutinin was determined to be a product of hemo-
cyte proteins and to be directed against various carbohydrates which 
are consTran to cell membrane surface antigens and bacterial cell walls. 
Hemocyte lysates were fractionated on Sephadex G-100. Two fractions 
resulted. Fraction I acted as an enzyme and fraction II acted as a 
substrate. Fraction II was also an agglutinin with strong bacterici­
dal properties. It, too, was directed against carbohydrates. 
The lysate fractions and the agglutinin were compared by immunological 
methods, tests of inhibition, electrophoresis, and amino acid analysis 
Lysate fraction II and the agglutinin were determined to be related. 
Hemocyte concentrations changed rapidly after the injection of 0-anti-
gen or exposure to fouled sea water. Within 24-48 hours, the hemato­
crit increased, after a decrease immediately following the injection 
of 0-antigen. No mitotic figures were seen in blood smears throughout 
t.'.e experimental procedures. Prior exposure to 0-antigen protected 
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the animals from fatal septicemia by a challenge injection of live 
bacteria. The protection was due to an increased agglutinin concen­
tration and an increased hemocyte hematocrit as a result of the reac­
tion to O-antigen. 
7. The hemocytes were stored in two dorsolateral sinuses and an intesti­
nal sinus. The sinuses and the circulatory system were studied by 
sectioning small animals which had been injected with bacteria or car­
mine particles, ctye injection, and plastic corrosion models. Hemo­
cytes were released from the sinuses in response to stress by hemor­
rhage, O-antigen, or contaminated water. 
8. Hemocytes were also found to be phagocytic in vivo and in vitro. 
Only bacteria were engulfed, during 6-24 hours, by hemocyte cultures. 
Phagocytosis was inhibited by carbohydrates and enzyme inhibitors. 
Changes of temperature and pH also altered the rate of phagocytosis. 
Hemocytes containing bacteria were recoverable from animals 12-24 
hours after injection. The bacteria were destroyed during phagocyto­
sis. The intestinal sinus was filled with blood cells and may func­
tion as a phagocytic center. 
9. Hemocytes also encapsulated foreign materials in vivo. Nematode par­
asites were encapsulated and destroyed, presumably by asphyxiation or 
starvation by the presence of a chitinous capsule secreted by the he­
mocytes. Crayfish cuticle was also encapsulated by the hemocytes 
after implantation. 
10. A viscous exudate was secreted onto the carapace after the animal was 
exposed to fouled sea water. The histology of the carapace and hypo-
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dermal glands was studied by light and scanning electron microscopy. 
The exudate functioned as an agglutinin with bactericidal properties. 
Physical and chemical tests of stability and chemical analysis demon­
strated that the exudate was a low molecular weight glycoprotein. 
Its amino acid content and carbohydrate constituents were determined 
by amino acid analysis and gas chromatography, respectively. These 
results corroborated the results of histochemical staining reactions. 
Chemical analysis and immunochemical tests demonstrated that the exu­
date was not related to the hemocyte lysate or tht agglutinin. The 
intestinal mucus also acted as a bactericidal agglutinin and was re­
lated to the exudate. 
11. The exudate was secreted in response to the stimulation of sensilla 
located on the surface of the carapace and appendages. The sensilla 
were sensitive to diffusible substances from bacteria cell walls. 
12. During the secretion of the exudate, hemocytes collected in connec­
tive tissues adjacent to the hypodermis, surrounded the glands, and 
moved into spaces surrounding the canals through the carapace. This 
reaction would protect the animal if pathogens were able to penetrate 
the exudate and carapace. Pathogens entering the hemocoel would be 
agglutinated and phagocytized or encapsulated by the hemocytes. 
13. The presence of glands in other marine animals grouped with the chelic-
erates was examined. Pycnogonids possessed hypodermal glands and 
were postulated to use mucus secretions for defense. Fossil trilo-
bites have canals which may have served as outlets for glands or tac­
tile setae. The presence of the hypodermal glands and defensive exu-
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date, as well as the chemical nature of the exudate and protein agglu­
tinins, may possibly be of use in helping to determine phylogenetic 
relationships among the chelicerates and other invertebrates. 
14. The immunological capabilities and reactions of the horseshoe crab 
are similar to those of other arthropods, such as crustaceans and 
insects. Since insects have been studied more intensively, they were 
used as a model or reference system. The arthropods employ a primor­
dial cell mediated immune system. Limulus demonstrated this system 
to be an effective protection against invading pathogens. 
15. From the results of this study, it is concluded that Limulus pos-
sessed systems which conferred immunity. Hypodermal glands secreted 
a bactericidal agglutinin to prevent the passage of pathogens through 
the carapace. Hemocytes functioned as phagocytes, encapsulated large, 
foreign materials, secreted proteins to clot the hemolymph, and pro­
duced the agglutinin found in the hemolymph. 
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Table 22. Amino acid analysis of hemocyanin (Hey), agglutinin (Agg), 
lysate fraction I and II (LI; LII) and exudate (Ex) 
uM/mq pM/ml 
Amino acid Hey Ex LI LII Agg 
Lys 0.453 0.016 0.389 0.109 1.11 
His 0.575 0.005 0.373 0.055 0.658 
Ammonia 0.606 0.085 0.587 0.443 1.85 
Arg 0.398 0.004 0.301 0.077 0.662 
Asp 0.961 0,015 0.723 0.196 1.96 
Thr 0.377 0.007 0.330 0.098 0.862 
Ser Ù.410 0.011 0.347 0.146 1.47 
Glu 0.803 0.015 0.680 0.201 1.98 
Pro 0.282 0.007 0.276 0.064 0.831 
Gly 0.450 0.018 0.415 0.172 1.48 
Ala 0.378 0.009 0.349 0.134 0.880 
Val 0.450 0.006 0.388 0.095 1.08 
Met 0.191 0.003 0.156 0.046 0.272 
lieu 0.359 0.008 0.312 0.095 0.881 
Leu 0.659 0.027 0.536 0.130 1.45 
Tyr 0.295 0.004 0.239 0.073 0.694 
Phe 0.385 0.003 0.314 0.065 0.808 
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Table 23. Differences between the proteins of Table 22: the seven most 
concentrated amino acids 
Number Hc}f Ex LI LI I Agg 
1 Asp Leu Asp Glu Glu 
2 Glu Gly Glu Asp Asp 
3 Leu Lys Leu Gly Gly 
4 Hi s Asp Gly Ser Ser 
5 Lys Ser Lys Ala Leu 
6 Val Ala His Leu Lys 
7 Arg lieu Ala Lys Val 
